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Summary 
1 
Summary 
In the last decades the production and use of nanomaterials, such as titanium dioxide nanomaterials (nano-
TiO2), increased extensively. To support a sustainable nanotechnology, it is essential to investigate the 
environmental risks of nanomaterials. However, it remains unclear whether - in the context of the European 
Chemical Regulation Registration, Evaluation, Authorization and Restriction of Chemicals (REACH) - the nano 
and bulk form of a substance have to be registered separately or not, and if parameters considered with approved 
and standardized test guidelines (OECD) are sufficient to describe the potential environmental implications of 
manufactured nanomaterials. These guidelines do not consider relevant exposure scenarios such as solar 
radiation and mixture toxicity which might be of special importance for manufactured nanomaterials, including 
nano-TiO2 which is known to be photoactive and to adsorb organic co-contaminants. Therefore, we conducted 
water flea tests with nano-TiO2 (Daphnia magna, OECD 202) under laboratory light (LL) and simulated solar 
radiation (SSR) and examined the potential mixture toxicity of nano-TiO2 materials and the organic 
antimicrobial substance triclocarban to earthworms (Eisenia fetida, OECD 207 and 222), daphnids, fish embryos 
(Danio rerio OECD 236) as well as to activated sludge (OECD 209). Different sized uncoated, anatase TiO2 
materials were tested to account for particle size specific effects (nanomaterials: NM 101, 7-10 nm and NM 102, 
15-25 nm; bulk: NM 100, 200-220 nm). Furthermore, we investigated: a) whether the ionic strength of the test 
medium has an influence on the outcome of Daphnia sp. acute immobilisation tests of nano-TiO2 materials; b) 
whether solar radiation influences the aquatic toxicity of TCC and the extent of potential mixture toxicity of 
nano-TiO2 and organic co-contaminants; c) whether TCC has an effect on the reproduction of earthworms;  
d) whether oxidative stress was induced in earthworms by nano-TiO2, TCC and mixtures of both.  
We showed that in contrast to Daphnia sp. acute immobilisation tests in which solar radiation was considered 
(median effect concentration (EC50), 48 h, SSR, NM 101, NM 102, NM 100 and TCC: 1.28, 0.53, 3.88 and 
0.006 mg/L), standard tests were not able to adequately detect toxicity associated with nano and non-nano scale 
TiO2 materials, as well as TCC (EC50, 48 h, LL, NM 101, NM 102, NM 100 and TCC: 79.52, > 50, >50 and 
0.027 mg/L), resulting in an underestimation of the hazard associated with these materials to daphnids in the 
aquatic environment. Thus, we propose to develop guidance for including solar radiation in standardized OECD 
guidelines used for testing photoactive chemicals and nanomaterials. Phototoxicity of the TiO2 materials was 
linked to the photoactivity measured by electron paramagnetic resonance, i.e., the total hydroxyl radical (•OH) 
formation rate of the TiO2 particles comprising free and surface adsorbed •OH. The latter as well as 
phototoxicity were maximal for the intermediate sized particle NM 102. Thus, phototoxicity of TiO2 materials to 
D. magna, although not inversely correlated, was shown to depend on particle size supporting the claim to the 
importance of testing nano and bulk forms of TiO2 separately in the context of REACH. Our results confirm that 
10-fold diluted ISO medium (EC50, 48 h, SSR, NM 102/NM 101: 0.53/1.28 mg/L) may be regarded as a more 
appropriate medium than ISO medium (EC50, 48 h, SSR, NM 102/NM 101: 1.1/2.9 mg/L) for testing 
nanomaterials in the Daphnia sp. acute immobilisation test, in order to represent natural waters which have a 
lower ionic strength than ISO medium. Mixture toxicity tests revealed that TCC toxicity was either not 
influenced or significantly lowered by up to 64%, 53% and 74% to daphnids, fish and earthworms at an TiO2 
application level of 1 mg/L (aquatic) and 1000 mg/kg dw (terrestrial). We suggest that toxicity was reduced 
because TCC adsorbed to nano-TiO2, and consequently the bioavailability and toxicity of TCC was lowered. 
Mixture toxicity experiments with fish embryos revealed that TCC toxicity (EC50, 96 h, dark/SSR: 74/80 µg/L) 
under solar radiation was lowered to a lesser extent (53%) than under laboratory light (78%) in the presence of 
nano-TiO2 (NM 102), demonstrating that the interaction of nano-TiO2 and organic co-contaminants can be 
influenced by environmental factors such as solar radiation. We showed that TCC negatively affected the 
survival as well as reproduction of earthworm at environmentally irrelevant concentrations (lethal concentration 
causing 10% effect, LC10, 14 d: 262 mg/kg dw; EC50, 56 d: 243 mg/kg dw). However, we provided evidence 
that TCC uptake via food ingestion (bioaccumulation factor, BAF: 10.3 ± 1.1) results in a more pronounced 
uptake of TCC than via soil exposure (BAF: 2.8 ± 0.7). For an adequate risk assessment it has to be clarified 
whether TCC exposure via food (e.g. sludge) leads to a more pronounced toxicity of TCC to E. fetida than 
exposure via soil. Measurements of oxidative stress revealed that chronic TCC earthworm toxicity was not 
related to oxidative stress and that co-exposure to nano-TiO2, as well as nano-TiO2 itself also did not induce 
oxidative stress within earthworms. TiO2 materials alone induced no effects to all test organisms, resulting in no 
observed effect concentrations (NOEC) of ≥ 50, 100 and 1000 ppm for daphnids, fish embryos, earthworms 
(acute and chronic) and activated sludge.  
In conclusion, this study shows that it is necessary to establish relevant exposure scenarios to assess the 
environmental risks of nano scale and non-nano scale TiO2 materials and TCC. Furthermore, primary particle 
size of TiO2 materials has to be considered in future regulations concerning nanomaterials to ensure their safe 
use.  
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Zusammenfassung 
In den letzten Jahrzehnten ist die Produktion und die Anwendung von Nanomaterialien, wie z.B. Titan-
Dioxid-Nanomaterialien (Nano-TiO2), beträchtlich angestiegen. Um eine nachhaltige Nanotechnologie zu 
ermöglichen, ist es notwendig, die Umweltrisiken von Nanomaterialien zu kennen. Bis heute ist noch nicht 
geklärt, ob im Zusammenhang mit der europäischen Chemikalienverordnung, Registrierung, Bewertung, 
Zulassung und Beschränkung chemischer Stoffe (REACH) die Nano- und die Nichtnano-Form ein und derselben 
Substanz getrennt voneinander registriert werden müssen und ob vorgegebene Testbedingungen in anerkannten 
und standardisierten Versuchsvorschriften (OECD) ausreichen, um potenzielle Umweltgefährdungen durch 
hergestellte Nanomaterialien zu erfassen. Letztere beachten relevante Expositionsszenarien wie z.B. Sonnenlicht 
und Mischungstoxizität nicht. Dies kann jedoch für Nanomaterialien wie Nano-TiO2, welches photoaktiv ist und 
organische Substanzen adsorbieren kann, von Bedeutung sein. Daher wurden Daphnienversuche (Daphnia 
magna, OECD 202) mit Nano-TiO2 sowohl unter Laborlicht (LL) als auch unter simuliertem Sonnenlicht (SSL) 
durchgeführt und die potenzielle Mischungstoxizität von Nano-TiO2 und der organischen antimikrobiellen 
Substanz Triclocarban gegenüber Regenwürmern (Eisenia fetida, OECD 207 und 222), Daphnien, Fisch-
Embryonen (Danio rerio, OECD 236) und Belebtschlamm (OECD 209) untersucht. Um den Einfluss der 
Partikelgröße zu ermitteln, wurden unterschiedlich große, nicht beschichtete, anatase TiO2-Materialien 
verwendet (Nanomaterialien: NM 101, 7-10 nm und NM 102, 15-25 nm; Nichtnano-Referenz: NM 100, 200-
220 nm). Darüber hinaus wurde untersucht: a) ob die Ionenstärke des Testmediums einen Einfluss auf die 
potenzielle Toxizität von Nano-TiO2 im akuten Daphnien-Test hat, b) ob Sonnenlicht einen Einfluss auf die 
aquatische Toxizität von TCC hat und ob Sonnenlicht die potenzielle aquatische Mischungstoxizität von Nano-
TiO2 und TCC beeinflusst, c) ob TCC die Reproduktion von Regenwürmern beeinträchtigt und d) ob Nano-TiO2, 
TCC oder Mischungen beider Substanzen oxidativen Stress in Regenwürmern induzieren.  
Wir haben gezeigt, dass im Vergleich zum Daphnien-Test, in welchem Sonnenlicht mit in Betracht gezogen 
wurde (mediane Effektkonzentration (EC50), 48 h, SSL, NM 101, NM 102, NM 100 und TCC: 1,28; 0,53; 3,88 
und 0,006 mg/L), Standardtests die Toxizität von nano- und nicht nanoförmigen TiO2-Materialien sowie von 
TCC nicht richtig erfassten (EC50, 48 h, LL, NM 101, NM 102, NM 100 und TCC: 79,52; > 50; > 50 und 
0,027 mg/L) und somit ihr Umweltgefährdungspotenzial unterschätzten. Daher wird empfohlen, für die Testung 
von Nanomaterialien und anderen photoaktiven Substanzen Sonnenlicht in standardisierten OECD-Richtlinien 
zu integrieren. Die Phototoxizität und Photoaktivität der TiO2-Materialien, letztere gemessen durch 
Elektronenspinnresonanz, waren am höchsten für das TiO2-Material mit der mittleren Partikelgröße NM 102. 
Somit unterstützt unsere Studie die Forderung, die Nano- und Nichtnano-Form einer Substanz im Kontext von 
REACH getrennt zu testen, da die Phototoxizität der TiO2-Materialien gegenüber D. magna, wenn auch nicht 
invers proportional, von der Partikelgröße abhing. Darüber hinaus zeigen unsere Ergebnisse, dass 10-fach 
verdünntes ISO-Medium (EC50, 48 h, SSL, NM 102/NM 101: 0.53/1.28 mg/L) im Vergleich zu ISO-Medium 
(EC50, 48 h, SSL, NM 102/NM 101: 1.1/2.9 mg/L) besser geeignet ist, um das Umweltgefährdungspotenzial 
von Nano-TiO2 in natürlichen Gewässern mit einer geringeren Ionenstärke als ISO-Medium abzubilden. Die 
Mischungstoxizitätstests zeigen, dass die TCC-Toxizität in Anwesenheit der TiO2-Materialien (1 mg/L in 
aquatischen und 1000 mg/L in terrestrischen Tests) entweder nicht beeinflusst wurde oder signifikant um bis zu 
64%, 53% und 74% gegenüber Daphnien, Fisch-Embryonen und Regenwürmern herabgesetzt wurde. Es wird 
vermutet, dass TCC an Nano-TiO2 adsorbierte, was zu einer Reduktion der Bioverfügbarkeit sowie der Toxizität 
führte. Mischungsexperimente mit Fisch-Embryonen, welche zeigen, dass die TCC-Toxizität (EC50, 96 h, 
dunkel/SSL: 74/80 µg/L) unter Sonnenlicht in Anwesenheit von Nano-TiO2 weniger stark heruntergesetzt wurde 
(53%) als unter Laborlicht (78%), demonstrieren, dass die Interaktion von Nano-TiO2 und einem organischen 
Schadstoff durch Umwelteinflüsse wie Sonnenlicht beeinflusst werden kann. TCC beeinträchtigt in 
umweltirrelevanten Konzentrationen das Überleben und die Reproduktion von E. fetida (Lethale Konzentration 
die 10% Mortalität bedingt, LC10, 14 d: 262 mg/kg dw; EC50, 56 d: 243 mg/kg dw). Jedoch führte eine TCC-
Exposition über Futter (Bioakkumulations Faktor, BAF: 10,3 ± 1,1) zu einer höheren Aufnahme als über Boden 
(BAF: 2,8 ± 0,7). Für eine vollständige Risikoabschätzung muss geklärt werden, ob eine Exposition über Futter 
(z.B. Klärschlamm) das Risiko von TCC für Regenwürmer erhöht. TCC, Mischungen von TCC und Nano-TiO2 
sowie Nano-TiO2 alleine induzierten keinen oxidativen Stress in Regenwürmern. Für TiO2-Materialien unter 
Standardbedingungen wurden folgende höchste Konzentrationen ohne signifikanten Effekt (NOEC) auf 
Daphnien, Fisch-Embryonen, Regenwürmer (akut und chronisch) und Belebtschlamm ermittelt: 50, 100 und 
1000 ppm. 
Abschließend lässt sich festhalten, dass die Beachtung von relevanten Expositionsszenarien notwendig ist, um 
korrekt das potenzielle Umweltrisiko von nano- und nichtnanoförmigen TiO2-Materialien sowie TCC abschätzen 
zu können. Des Weiteren muss die Partikelgröße von TiO2-Materialien in zukünftigen Regulierungen, die 
Nanomaterialien betreffen, beachtet werden, um eine sichere Verwendung von TiO2-Materialien zu 
gewährleisten. 
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1.1 Problem representation and objectives 
In the last decades the production and use of nanomaterials increased extensively. The global market 
for nanotechnology was 11.7 billion US $ in 2009 and 20.7 billion US $ in 2012.1 Further increase is 
expected for the next years (48.9 billion US $ in 2017).1 Nanomaterials are defined as particles, in an 
unbound state or as an aggregate or as an agglomerate and where, for 50% or more of the particles in the 
number size distribution, one or more external dimensions are in the size range 1 nm-100 nm.2 Due to 
the nanoscale dimension, nanomaterials have a higher surface to volume ratio than their bulk 
counterparts, resulting in a decisively larger surface area for reactions such as photo catalytic (e.g. nano 
titanium dioxide, nano-TiO2)3 or catalytic reactions (e.g. carbon nanotubes, CNT).4 Moreover from 
metric to nano, size dependent crystalline changes can occur, resulting in different physicochemical 
properties such as strength, conductivity, or reactivity.5 Manufactured nanomaterials can be divided into 
the following groups: organic nanomaterials including fullerenes (e.g. C60, C70), and CNT (e.g. multi-
walled carbon nanotubes, MWCNT), and inorganic nanomaterials consisting of metal oxides (e.g. TiO2, 
ZnO2), metals (e.g. Au, Ag), and quantum dots (e.g. CdSe).6 Because of their unique properties, 
nanomaterials are used in manifold products and applications as e.g. in personal care products (PCP), in 
food, beverages, paints and plastics, for waste water treatment, ground water remediation, surface 
coatings, or as catalysts,7-9 to name just a few. During their use and production, nanomaterials may 
intentionally or unintentionally enter the environment,10 e.g. during their use for ground water 
remediation or through atmospheric emissions, solid-liquid waste streams from production facilities, or 
during the use of products.11 To support a sustainable nanotechnology, the safe use of nanomaterials has 
to be guaranteed. Therefore, it is essential to investigate the environmental risks of nanomaterials. 
Compared to conventional chemicals, the ecotoxicity, environmental fate, and behavior of 
nanomaterials are not only influenced by their chemical composition but also by a variety of physico-
chemical properties such as: size, crystal structure, specific surface area, charge, shape, agglomeration 
status, or porosity.12-14 
However, these special characteristics of nanomaterials are often not or not sufficiently considered in 
environmental risk assessment. This can be explained on the one hand by a lack of specific obligations 
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for nanomaterials within regulations: For example, in the context of the European Chemical Regulation 
Registration, Evaluation, Authorization and Restriction of Chemicals (REACH) currently the nano and 
bulk forms of a substance such as TiO2 are not differentiated and do not have to be registered 
separately.13, 15 On the other hand, it can be explained by the fact that approved and standardized 
methods (Organisation for Economic Co-operation and Development, OECD guidelines) have not been 
sufficiently analyzed for their applicability for nanomaterial testing yet. 
One major problem is that standard test guidelines do not specifically require the testing under 
relevant exposure scenarios such as solar radiation and do not consider that mixture toxicity of nano-
TiO2 and co-contaminants might occur in the environment. These additional considerations might be 
important for a meaningful hazard assessment of manufactured nanomaterials, including crystalline 
nano sized TiO2 (nano-TiO2), which is known to be photoactive and to adsorb organic co-
contaminants.16-20 
Therefore, it was investigated in the present study whether primary particle size has an influence on 
the ecotoxicity of TiO2 materials to daphnids, fish embryos, earthworms, and microorganisms of 
activated sludge by testing different sized uncoated, anatase TiO2 materials (nanomaterials: NM 101 and 
NM 102, 7 and 15 nm; bulk: NM 100, 200 nm). Furthermore, it was examined whether relevant 
exposure scenarios, such as simultaneous exposure of organisms to nano-TiO2 and solar radiation or co-
contaminants have an influence on the outcome of ecotoxicity tests with TiO2 nanomaterials. We chose 
triclocarban (TCC), an antimicrobial agent, as organic co-contaminant, because it is used in PCP as is 
nano-TiO2 and therefore has the same entry pathway into the environment, posing a high potential for 
interaction of both substances in the environment. 
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1.2 Nano titanium dioxide (nano-TiO2) 
Nano sized TiO2 (nano-TiO2) is one of the most produced nanomaterials worldwide.21 The annual 
worldwide production of nano-TiO2 in 2010 was determined to be up to 10.000 t/a and a further increase 
in production is expected for the next decades.21 Robichaud et al. estimated an exponential increase in 
production until 2025 resulting in an annual production of 2.5 mil. t/a.22 Nano-TiO2 is applied especially 
in PCP such as sunscreens and cosmetics or in paints.9 Furthermore, the photo activity of nano-TiO2 is 
used in a broad range of products and applications, e.g., for self-cleaning surfaces and for water 
treatment applications.23 
1.2.1 Physicochemical properties of nano-TiO2 
TiO2 is a semiconductor that has the ability to undergo photoinduced electron transfer when it is 
excited by wavelengths with higher energy (385-410 nm) than their band gap (3.0-3.2 eV),16, 24, 25 
resulting in the formation of an energy-rich electron hole pair (Figure 1).16 These charge carriers can 
diffuse to the TiO2 surface where they can either recombine none radiatively, as well as radiatively or 
get trapped and react with electron donors or acceptors on the surface of the photocatalyst (Figure 1).26 
In aqueous suspensions, the valence band holes react with H2O or hydroxide ions adsorbed on the 
surface thereby generating adsorbed hydroxyl radicals (•OH).27 Oxygen can be efficiently oxidized by 
the excited electron to superoxide anions (O2-).26 The generated radicals can further react and produce 
other reactive oxygen species (ROS) as e.g. hydrogen peroxide (H2O2), free •OH radicals or 
hydroperoxyl radicals (HOO•).28 Upon ROS, •OH radicals are the most damaging form,29 because they 
are indiscriminate oxidizing agents that have a reaction ability high enough to attack any organic 
molecule,30 initiate free radical chain reactions, oxidize membrane lipids and denaturate proteins and 
nucleic acids.29 The ability to attenuate ultra violet (UV) light and to act as a photocatalyst is used in 
many divers products and for applications as e.g. sunscreens and plastics,9, 31 as well as for the 
destruction and degradation of bacteria and environmental pollutants.23, 32 In general, a huge diversity of 
nano-TiO2 materials exists, differing in the crystalline modification (anatase, rutile and brookite), in size 
or in the coating used. The anatase form of TiO2 is the form most commonly used in photocatalytic 
applications.33 
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Figure 1. Formation of reactive oxygen species (ROS, e.g. •OH, O2-) after illumination of nano-TiO2 with 
wavelengths between 300-410 nm, modified from Kwon et al.34 
Considering that wavelengths corresponding to the band gap energy of nano-TiO2 (385-410 nm)24, 25 
are included in solar radiation, it has to be investigated whether solar radiation influences the ecotoxicity 
of nano-TiO2. 
Due to its small, size nano-TiO2, just like other nanomaterials, has a high surface to volume ratio, 
causing a high surface area per mass, and thus, a high adsorption capacity for other nanomaterials,35 
metals,36-39 and organic substances (e.g. phenanthrene, bisphenol A, dichlorovos, and benzidine).17-20 
The formation of nanomaterial co-contaminant complexes,36-38, 40, 41 can influence the bioaccumulation 
and toxicity of an adsorbed substance and necessitates the testing of combined effects of nanomaterials 
and co-contaminants. 
1.2.2 Environmental fate and behavior of nano-TiO2 
One of the major problems of risk assessment of nanomaterials is that concentrations in complex 
environmental media are mainly based on modeled estimates than on measured environmental 
concentrations, thus enhancing uncertainty on the exposure assessment side.14 Detecting nanomaterials 
in complex environmental media is challenging because of a high natural background of the bulk 
counterpart. Further problems are that nanomaterials change their aggregation states continuously, no 
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equilibrium is reached in the environment, and either the detection limit of methods to measure 
nanomaterials in environmental matrices is too high, or adequate methods are missing.5, 42, 43 
Only few studies exist, in which nano-TiO2 was qualitatively or quantitatively determined in the 
environment. Kiser et al. identified nano-TiOx particles in sewage sludge by means of scanning electron 
microscopy (SEM) and energy dispersive X-ray spectroscopy and found that the nanomaterial formed 
aggregates with sizes of a few hundreds of nm, which consisted of several primary particles with sizes 
smaller than 100 nm.44 Ti concentrations of 1.8-35 µg/L were analytically measured in waste water 
influents after filtration with 0.2-0.7 µm mesh size in several studies.44-46 Due to the sampling method, 
these measured concentrations include nano-TiO2, bulk derived nano-TiO2, natural nano-TiO2 and to 
some extent TiO2 particles with a primary particle size > 100 nm.47 Thus, these concentrations represent 
the upper limit of possible nano-TiO2 concentrations in these environmental samples. 
By probabilistic material flow analysis, Gottschalk et al. determined the material flow between nano-
TiO2 containing products and waste water treatment plants (WWTP) as one of the most predominant 
flows in the life cycle of nano-TiO2.48 Hence, nano-TiO2 will end up in WWTP when TiO2 containing 
PCP are washed down the drain or nano-TiO2 included in façade painting is washed off during strong 
rain events.49 From WWTP, it may enter the aquatic environment (modeled concentration in river water: 
3 ng/L-1.6 µg/L)47 via the effluent (modeled concentration: 4 µg/L)48 or the terrestrial environment by 
adsorbing to sewage sludge (modeled concentration: 136 mg/kg dw)48, which is spread to fields 
(modeled concentration 89 ∆µg kg -1 y-1).48 
In aquatic environments, nanomaterials will undergo transformation and degradation processes such 
as homoaggregation with each other, dissolution, and heteroaggregation with macromolecules, such as 
suspended organic matter.50 Nanomaterials, which are not coated with a stabilizing coating, tend to form 
homoagglomerates with sizes above 100 nm and settle out of the water phase,11, 51 indicating that in the 
environment, organisms will most probably be exposed to nanomaterial agglomerates instead of primary 
particles. According to the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, the stability of 
nanomaterials in aqueous solutions is a function of the attractive (Van-der-Waals), repulsive 
(electrostatic: double layer thickness and surface charge), and steric (coating) forces between particles.52 
Thus, in aqueous media, the ionic strength, valence of ions countering the surface charge, the pH as well 
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as the presence of natural organic matter (NOM) have an influence on the dispersion stability of 
nanoparticles, such as nano-TiO2.53-55 Nano-TiO2 has an isoelectric point (IP) of around pH 6.00,56 
which means that when the pH is far from the IP, nano-TiO2 is stabilized in aqueous media due to high 
electrostatic forces. When the pH is around the IP, it is destabilized due to low electrostatic forces. 
Agglomeration may influence the toxicity of nanoparticles by either lowering the exposure 
concentration or reducing the available surface for particle/organism interactions.57 In undiluted ISO 
medium (8653 µM), Ag nanoparticles exhibited a higher agglomeration and consequently a lower 
toxicity to Daphnia magna than in 2- and 10-fold diluted ISO medium.58 To test whether the ionic 
strength of the test medium in Daphnia sp. acute immobilisation tests influences the potential TiO2 
toxicity, tests were performed with ISO medium and 10-fold diluted ISO medium in the present study. 
In the terrestrial environment, nanomaterials may also undergo homoaggregation as well as 
heteroaggregation with dissolved organic matter.17, 59 Furthermore, size exclusion, sedimentation, 
deposition and straining may affect the transport of nanomaterials in soils.60 
It is reported that nanomaterials such as nano-TiO2 have a high tendency to adsorb to sludge, where 
they are mainly aggregated with bacteria.44 
1.2.3 Bioavailability of nano-TiO2 
The most common way to look at bioavailability is to define the bioavailable part of a chemical as the 
fraction of a compound in a system which can be taken up by an organism (ecotoxicological 
bioavailability).61 Thus, nanomaterials, which are ingested by the organism or pass cell membranes of 
the organism by direct penetration or endocytotic processes such as via phagocytosis, pinocytosis, and 
caveolae-dependent or clathrin-mediated endocytosis, compose the ecotoxicological bioavailable 
fraction of the nanomaterial.62-64 However, it has to be considered that some nanomaterials, such as the 
photoactive nano-TiO2 can exert their toxic effect without being taken up into the organism. This might 
be the case when they are attached on the surface of the organism. Nano-TiO2 under irradiation with 
solar radiation may generate ROS, which is capable of inducing oxidative stress by oxidizing 
polyunsaturated phospholipids of cell membranes, which results in lipid peroxidation.27 Li et al. 
observed that the observed tissue damage on the surface of Hyalella azteca under solar radiation was 
associated with the surface attachment of nano-TiO2.65 
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In the following, studies, in which uptake of nano-TiO2 by the test organisms used in the present 
study (daphnids, fish embryos and earthworms) were investigated, are summarized. 
Daphnids have an active filter feeding apparatus, which has a mesh size of 0.5-2.0 µm.66 
Nanomaterial agglomerates of this size range can be actively taken up. Furthermore, nanomaterials were 
shown to adsorb to the outer surface of daphnids comprising the carapax and setae.67, 68 Although nano-
TiO2 was shown to be taken up in the gut of daphnids,69, 70 aged, coated nano-TiO2 (T-LiteTM) and 
uncoated TiO2 (P25) were not taken up within mid gut epithelia and microvilli cells of daphnids. They 
rather remained within the digestive tracts of daphnids.70, 71 The same phenomenon was reported for 
CuO and Au nanoparticles as well as CNTs.72-74 
The pore size of the chorion of fish embryos (0.5-0.7 µm)75 potentially enables the passage of 
nanoparticles through the chorionic membrane. However, it is reported that nano-TiO2 with a primary 
particle size of ≤ 10 nm and 35 nm as well as aged nano-TiO2 attached to the chorion, but did not cross 
the membrane of abalone and zebrafish embryos.71, 76, 77 This finding is explained by the formation of 
large TiO2 agglomerates of several hundreds to thousands of nm in the test medium. Thus, the chorion 
of fish embryos acts as a barrier for nano-TiO2 agglomerates and prevents them to directly interact with 
the embryo in the first days of exposure. 
Earthworms are exposed to nanomaterials either via adsorption to the epidermis or via ingestion. 
Contradictory results are reported on the uptake of nano-TiO2 into earthworms. Hu et al. measured an 
accumulation of nano-TiO2 into earthworms,78 whereas Lapied et al. reported no accumulation.79 
1.2.4 Ecotoxicity of nano-TiO2 
Nanotoxicology investigates the effects of nanomaterials to living organisms and aims to establish the 
relationship between their physicochemical properties and biological behavior.80, 81 Thereto, it is 
necessary to accurately characterize nanomaterials in ecotoxicity tests at different stages, such as before 
application, after application and during exposure.5, 56, 82 Researchers agreed on following characteristics 
that should be analyzed in environmental and ecotoxicity studies: aggregation/ 
agglomeration/dispersability, size, dissolution, surface area, and surface chemistry/composition.81 
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Possible mechanisms of nanomaterial toxicity are the disruption of membranes or membrane 
potential, oxidation of proteins by either physically interacting with proteins or by producing ROS, 
damage of nucleic acid, interruption of energy transduction by redox sensitive nanomaterials, and 
generation of ROS, or by the release of toxic constituents such as Ag+ ions (Figure 2).11 
The ecotoxicity of nanomaterials such as Ag, ZnO, TiO2, CuO, CeO2, SiO2, Fe3O4, and Au to 
organisms representing all trophic levels, such as bacteria, yeasts, nematodes, algae, crustaceans, 
ciliates, and fish has been examined in several studies which are summarized in following reviews of 
Handy et al, Baun et al., and Klaine et al.11, 82-84 Due to the variety of nanomaterials and organisms 
tested, in the following it will be focused on the ecotoxicity of TiO2 nanomaterials to the test organisms 
used in the present study, including daphnids, earthworms, fish embryos and microorganisms of 
activated sludge. 
When tests were performed according to standardized test guidelines, nano-TiO2 showed either no 
adverse effects or effects that only occurred at high exposure concentrations. Median effect 
concentrations (EC50) values for the mobility of daphnids were determined as greater than 100 mg/L,69, 
85-91
 or 10 to 100 mg/L.68, 92-94 The survival of Danio rerio embryos was not affected by TiO2 
concentrations of up to 1.6 g/L,76, 95-99 and nano-TiO2 concentrations of 10 g/kg dw and exposure 
durations of up to 28 days did not affect the survival of earthworms.78, 100-103 At a high application level 
of 1 g/kg, nano-TiO2 was reported to adversely affect the reproduction of earthworms.  
Although several studies with daphnids and fish embryos have already revealed the importance to 
consider solar radiation in ecotoxicity studies with nano-TiO2,90, 93, 104,89, 95, 98, 105 no study with daphnids 
or fish embryos investigated the influence of particle size on the phototoxicity of nano-TiO2. Even 
though many studies investigated the influence of nano-TiO2 on the ecotoxicity of metals, 36-38, 106, 107 
only few studies examined its influence on the effects of organic compounds.108 Furthermore, only few 
studies evaluated whether solar radiation influences the mixture toxicity of nano-TiO2 and organic 
compounds.108 
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Figure 2. Possible mechanisms of nanomaterial toxicity to cells. Different nanomaterials may cause toxicity via 
one or more of these mechanisms. CYP cytochrome P.11 
In the present study, we included the consideration of primary particle size, solar radiation, and 
mixture toxicity as well as the influence of solar radiation on mixture toxicity in our ecotoxicity 
experiments with nano-TiO2. 
1.2.5 Interaction of nano-TiO2 with co-contaminants 
Adsorption of nanomaterials,35 metals,36-39 and organic substances (e.g. phenanthrene, bisphenol A, 
dichlorovos, and benzidine)17-20 to nano-TiO2 is driven by physical and chemical sorption106 comprising 
electrostatic interaction, ion exchange, ion dipole interactions, hydrogen bonding, or hydrophobic 
interactions.19 The formation of nanomaterial co-contaminant complexes,36-38, 40, 41 can alter the 
bioaccumulation and toxicity of an adsorbed substance, which might either be enhanced (carrier effect) 
or reduced, depending on whether these complexes are taken up by the organism or not and whether the 
adsorbed substance is remobilized or not within the digestive gut fluid.40 Although the influence of 
nano-TiO2 on the bioaccumulation and toxicity of metals such as As, Ag, Cu, Cd and Zn to aquatic 
organisms is already extensively studied,36-38, 106, 107 this is not the case for nano-TiO2 and organic co-
contaminants.108 Furthermore, in contrast to aquatic organisms, only few studies examined the influence 
of nanomaterials on the toxicity of co-contaminants to terrestrial organisms, such as earthworms.41, 109 
To the best of our knowledge, the influence of nano-TiO2 on the acute and chronic toxicity of organic 
contaminants to earthworms or activated sludge has not been investigated so far.  
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Therefore, we examined whether nano-TiO2 influences the toxicity of the organic co-contaminant 
TCC to the aquatic organisms D. magna and D. rerio, as well as to the terrestrial organism 
Eisenia fetida and microorganisms of activated sludge. 
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1.3 Triclocarban (TCC) 
Nano-TiO2 and triclocarban (3,4,4′-trichlorcarbanilid, TCC), which is structurally related to aromatic 
carbanilide compounds (Figure 3), are both used in personal care products (PCP). Consequently, they 
have a similar pathway of release into the environment and a high potential to concomitantly appear in 
the environment.  
Since 1957, TCC is used as an antimicrobial agent to prevent microbial spoilage in a variety of PCP 
such as shampoos, toothpastes, deodorants or detergents.110 In July 2013, the use in European PCP was 
restricted to a maximum content of 1.5%.111 However, this threshold is above the typically applied 
concentration of TCC in PCP (0.1-0.3%).112 It is produced with a production volume of 227-454 t/a in 
the US and is therefore considered as a high production volume chemical,110 emphasizing that TCC will 
be released in high quantities into the environment. TCC has a low water solubility of 0.65 mg/L and a 
high octanol water partition coefficient (log Kow) of 4.2.110, 113-115 It has a high acid dissociation constant 
(pKa) of 12.7 and consequently appears in its nonionic form in most environmental media, which 
typically have pH values in the range from 4 to 8. 
 
 
 
 
Figure 3. Triclocarban (3,4,4′-trichlorcarbanilid) 
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1.3.1 Environmental fate and behavior of TCC 
TCC is one of the most frequently detected ingredients of PCP in sewage sludge,112 sediments (35% 
of marine sediments samples),116 and surface waters (98% of Lake Michigan water samples; 83-100% of 
Chinese river samples).117, 118  
During the use of TCC containing PCP, TCC is washed down the drain ending up in WWTP (influent 
concentration: 0.049-6.7 µg/L),113, 119-121 where it is, due to its high solid liquid partition coefficient 
(Kd)122 of 763 to 1187 L/kg, to a large part removed from the water phase (80-97%, effluent 
concentration: 0.026-0.33 µg/L)113, 119-121, 123 by rapidly adsorbing to sewage sludge (equilibrium reached 
after 18 h, 0.23 to 80 mg/kg).120, 121, 124-131 In the EU and US, 55% and 63% of sludge is applied to 
agricultural soils.132, 133 Consequently, TCC is transferred via biosolid amendment to agricultural soils, 
resulting in soil concentrations of 1.24 to 1584 µg/kg dw.129, 134 Due to incomplete removal in WWTP, 
waste water discharge was identified as the main source of TCC for aquatic environments,135, 136 in 
which TCC was determined with concentrations of about 2.5-388 ng/L in natural rivers and lakes. 117, 118, 
128, 135, 137
 Average and peak TCC sediment concentrations of 2-150 µg/kg dw and 25 mg/kg dw were 
determined in sediment cores. The latter concentration is associated with the peak usage of TCC in the 
1960s.136  
Degradation of TCC to toxic metabolites was monitored in sediments, soils, WWTP and surface 
waters. In surface waters, beside microbial degradation, PCP may also be transformed by direct and 
indirect photolysis,138, 139 which might either result in the complete degradation of the compound, or as 
in the case of TCC in the formation of toxic metabolites: 3,4-dichloroaniline, 4-
chloroisocyanatobenzene, 4-chloronitrobenzene, and 4-chloroaniline.140, 141 Miller et al. found 
dechlorinated metabolites of TCC (dichloro-, monochloro-, and carbanilide) in sediments cores, 
indicating that TCC was degraded by reductive dechlorination.136 Moreover, microbial dechlorination of 
TCC was also observed in WWTP.125 Gledhill et al. found that after a lag phase of two weeks, TCC was 
biodegraded to 4-chloroaniline and 3,4-dichloroaniline in activated sludge.142 Miller et al. suggest that 
this biodegradation is associated with Alcaligenaceae.143 In soils without biosolid application, TCC has 
a half-life of 108 d.115 In soil columns spiked with TCC, carbanilide, as well as 3,4-dichloroaniline and 
4-chloroaniline were detected at the end of the soil column, giving evidence that reductive 
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dechlorination and hydrolysis of TCC occurred in soils.144 In contrast, TCC transformation was retarded 
when biosolids were applied to the soil, resulting in a degradation rate below 4% after 7.5 months.145  
Due to its high release into and its ubiquitous occurrence in the environment, TCC might pose a risk 
to aquatic and terrestrial organisms, as well as to activated sludge. Recent studies have already 
investigated the toxicity of TCC to several organisms.110, 146-148 However, solar radiation was not 
considered in these studies, although this research is a prerequisite to obtain a complete risk assessment 
of TCC. Therefore, we tested the influence of solar radiation on the toxicity of the single compound 
TCC to daphnids and fish embryos. Considering the photoactivity of nano-TiO2 and the 
photodegradability of TCC, interactions between both might be influenced by relevant environmental 
conditions such as solar radiation. Hence, we conducted mixture toxicity assays with D. magna and 
D. rerio under standard light conditions as well as under solar radiation. Taking into consideration that 
in soil TCC has a half-life of 108 d, degradation of TCC associated with the occurrence of toxic 
metabolites in the test soil might have occurred during the earthworm reproduction test, which lasts for 
56 d. To ensure that effects on the reproduction of E. fetida were only associated to TCC and not to its 
metabolites, TCC concentration were monitored in soil samples at the beginning (0 d) and the end of the 
test (56 d). 
1.3.2 Bioavailability, bioaccumulation and toxicity of TCC 
Due to its high lipophilicity (log Kow 4.2),110 TCC was shown to accumulate in ephippia of daphnids 
(bioconcentration factor, BCF 1240), in fish (log BCF 724), algae (bioaccumulation factor, BAF 2700), 
snails (BAF 1600), sediment worms (BAF 2200) and earthworms (BAF 5-20).149-154  
TCC is toxic to several aquatic organisms110, 146-148 including D. magna (median effective 
concentration (EC50): 7-20 µg/L),110, 147 and D. rerio (NOEC: 24 µg/L).147 In contrast, the terrestrial 
TCC toxicity is relatively unknown: Snyder et al. examined the acute toxicity of TCC to earthworms 
and determined a lethal concentration causing 50% effect (LC50) of 40 mg/kg dw.154 Ahn et al. 
suggested that TCC exhibits a new mechanism of endocrine disruption.155 They found that TCC alone 
exhibits little or no activity toward steroid hormone receptors but, amplifies transcriptional activity of 
steroid sex hormones in the estrogen and androgen receptors in human cell lines.  
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Although Snyder et al. claimed the importance of investigating the chronic earthworm toxicity of 
TCC,154 to the best of our knowledge our study is the first one examining the chronic toxicity of TCC to 
earthworms. TCC was found to be effective against gram positive bacteria, which is suggested to be 
related to a hydroxylation of proteins of the membrane phospholipid bilayer, causing a disruption of the 
proton motive force.156 Nevertheless, to the best of our knowledge, no study investigated the effect of 
TCC on the respiration of microorganisms of activated sludge. 
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1.4 Oxidative stress 
Reactive oxygen species (ROS), such as superoxide anions (O2-), hydroxyl radicals (•OH), hydrogen 
peroxide (H2O2), and singlet oxygen (1O2) are formed in aerobic living organisms either from 
endogenous or exogenous sources. Endogenous ROS is formed by phagocytes, during mitochondrial 
and microsomal electron transport systems, by soluble oxidase enzymes such as xanthine oxidase or 
cytochrome P450 reductase, and by transition metals.157, 158 ROS are capable of damaging 
macromolecules in organisms, by oxidizing proteins, DNA or polyunsaturated fatty acids of cellular 
membranes, resulting in lipid peroxidation.157 During lipid peroxidation, among others, cyclic peroxides 
are formed, which decompose to several breakdown products, including malondialdehyde (MDA) and 
4-hydroxy-nonenal, which can also damage DNA and proteins.159, 160 To maintain homeostasis, which is 
defined as the balance between the generation and neutralization of ROS, organisms have developed 
antioxidant defense systems. These consist of enzymatic antioxidants, such as superoxide dismutase 
(SOD), glutathione peroxidase (GPX), catalase (CAT), and glutathione S-transferase (GST) as well as 
non-enzymatic antioxidants, including glutathione, vitamin E, ascorbate, ß-carotene, and urate 
(Figure 4).161 Homeostasis, can be disrupted when these mechanisms are overwhelmed, e.g. through the 
overproduction of ROS by exogenous sources, such as UV radiation, or environmental contaminants,158, 
162, 163
 resulting in oxidative stress which finally can lead to an enhanced apoptotic activity.164 
Environmental contaminants generating ROS are substances, such as quinones, dyes and aromatic nitro 
compounds, which produce ROS through redox cycling.165 Many studies have shown that apoptosis, 
primary and secondary products of ROS induced damage, including MDA as well as enzymatic 
activities including GST and CAT activities can be considered as biomarkers of oxidative stress in 
organisms such as earthworms.78, 79, 166, 167 
GST is involved in the phase II metabolism of xenobiotics, where it conjugates glutathione to 
electrophilic substances, such as degradation products of lipid peroxides. CAT decomposes H2O2 to 
H2O and O2.167, 168 MDA is an indicator of lipid peroxidation contents, which are formed by the 
peroxidation of membrane lipids by ROS.78, 169, 170 Apoptosis, which can be caused by oxidative 
stress,164 was identified as a sensitive endpoint for the toxicity of nano-TiO2 in earthworms.79  
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Nano-TiO2 was shown to induce oxidative stress in several organisms, including earthworms, which 
was measured by biomarkers of oxidative stress.78, 79, 163, 171 
Triclosan (TCS), another antimicrobial substance included in PCP, was found to significantly alter the 
activity of the antioxidant enzymes GST and CAT in earthworms, indicating that TCS induced oxidative 
stress.166 TCC, which has a chemical structure very similar to TCS, might have a similar mode of action 
in earthworms. 
To investigate whether nano-TiO2 (NM 102), TCC and mixtures of both induced oxidative stress 
within exposed earthworms, we measured GST and CAT activity, MDA content and apoptotic activity 
in earthworm tissues of earthworms exposed in the chronic earthworm toxicity test.  
 
 
 
Figure 4. Biological antioxidant defence system. Graphic redrawn and modified from Kehrer et al. by Conrad et 
al.158, 172 SOD: superoxide dismutase; GSH: reduced monomeric glutathione; GSSG: glutathione disulfide. 
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1.5 Objectives 
The present study mainly focused on investigating whether primary particle size has an influence on 
the ecotoxicity of TiO2 nanomaterials to daphnids, fish embryos, earthworms, as well as to 
microorganisms of activated sludge and whether the consideration of relevant exposure scenarios, such 
as simultaneous exposure of organisms to nano-TiO2 and solar radiation or co-contaminants (TCC) has 
an influence on the outcome of ecotoxicity tests with TiO2 nanomaterials. 
Following tests were performed: 
 Single substance, acute and chronic standardized OECD ecotoxicity tests (OECD 202, 207, 
209, 222, 236)173-177 in which daphnids (chapter 2), fish embryos (chapter 3), earthworms and 
activated sludge (chapter 4) were exposed to different sized, uncoated, anatase TiO2 
materials, including two nanomaterials (primary particle size (PPS): 7-10 nm, 15-25 nm) and 
one bulk reference material (PPS: 200-220 nm), as well as to the organic co-contaminant 
TCC. 
 Daphnia sp. acute immobilisation (OECD 202, chapter 3) and fish embryo acute toxicity 
tests (OECD 236, chapter 3), in which organisms were additionally to laboratory light, 
exposed under solar radiation to the TiO2 materials or TCC. 
 Mixture toxicity tests in which all test organisms were exposed simultaneously to the TiO2 
materials and TCC (chapter 3 and 4). 
Furthermore, this study aims at filling important knowledge gaps concerning the ecotoxicity of TCC, 
the mixture toxicity of nano-TiO2 and organic co-contaminants, and the appropriateness of test 
guidelines for the testing of nanomaterials. These gaps concern the possible effect of TCC on the 
reproduction of earthworms, the possible influence of the ionic strength of the test medium on the 
outcome of Daphnia sp. acute immobilisation tests of nano-TiO2 materials, the possible influence of 
solar radiation on the aquatic toxicity of TCC, and on the extent of potential mixture toxicity of nano-
TiO2 and organic co-contaminants, as well as the possible induction of oxidative stress in earthworms 
by nano-TiO2, TCC and mixtures of both. 
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Thereto, the following tests were performed additionally to those mentioned above: 
 Earthworm reproduction test (OECD 222) with TCC alone (chapter 4). 
 Daphnia sp. acute immobilisation tests were carried out in high (8653 µM) and low 
(865 µM) ionic strength test medium (chapter 2). 
 Mixture toxicity tests of TCC and nano-TiO2 to daphnids and fish embryos were additionally 
performed under solar radiation (chapter 3). 
 Daphnia sp. acute immobilisation tests (OECD 202) and fish embryo acute toxicity tests 
(OECD 236) with TCC were conducted with laboratory light and solar radiation. 
 Measurement of biomarkers of oxidative stress in earthworms exposed to the single 
substances NM 102 and TCC, as well as to mixtures of both (chapter 4).  
Figure 5 gives an overview of the experiments performed in the present project.  
 
Figure 5. Overview of the experiments performed in the present study (TCC triclocarban, WWTP waste water 
treatment plant, SSR simulated solar radiation).   
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2.1 Abstract 
Titanium dioxide nanoparticles can be photoactive, e. g. producing reactive oxygen species under solar 
radiation (SR). We investigated the influence of SR (280-800 nm; UVA/UVB 2.36/0.15 mW/cm²), 
primary particle size (7, 15, and 200 nm; nanomaterials: NM101, NM102, bulk: NM100), and ionic 
strength (IS, 8653 and 865 µM) on the acute toxicity of these TiO2 particles to Daphnia magna 
(OECD 202).  
Compared to laboratory light (LL), simulated SR (SSR) significantly enhanced the toxicity of all TiO2 
particles to D. magna at low IS (EC50 LL/SSR: NM 102 >50.00/0.53 mg/L; NM 101 
79.52/1.28 mg/L; NM 100 >50.00/3.88 mg /L). The phototoxicity was linked to the photoactivity, i.e., 
the total hydroxyl radical (•OH) formation rate of the TiO2 particles comprising free and surface 
adsorbed •OH, which was maximal for the intermediate sized particle NM 102. In high IS medium, 
phototoxicity of the nanoparticles NM 102 and NM 101 (EC50: 1.1 mg/Land 2.9 mg/L) was less 
pronounced than in low IS medium. 
Our study shows that it is essential to consider SR, the particle size of TiO2 nanomaterials as well as 
the IS of the test medium, and that •OH formation is an important indicator for their phototoxicity. 
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2.2 Introduction 
Nanotechnology is considered as an industrial revolution1, 2 since many applications for material 
improvement and technical processes become possible by use of nanomaterials. However, both risks 
and benefits are associated with this new technology3 and thus, authorities and governments have to 
regulate the safe production, use and disposal of nanomaterials.  
Recently, in the EU and the U.S. there is an ongoing debate whether the bulk and different nano 
forms of one substance have to be registered and tested separately or not.4, 5 
Compared to conventional chemicals, the ecotoxicity, environmental fate and behavior of 
nanomaterials are not only influenced by their chemical composition but additionally by a variety of 
physico-chemical properties such as: size, crystal structure, specific surface area, charge, shape, 
agglomeration status or porosity.4, 6, 7 For example, primary particle size (PPS) was shown to alter the 
toxicity of titanium dioxide nanomaterials (nano-TiO2) to daphnids.8, 9  
Standardized test guidelines such as those of the Organization for Economic Co-Operation and 
Development (OECD) are used for the hazard assessment of substances. Generally, these test 
guidelines are considered to be applicable for nanomaterials and only details may need to be modified 
or optimized.10, 11 One major problem, however, is that standard test guidelines do not specifically 
require the testing under relevant exposure scenarios such as solar radiation. This might be important 
for nanomaterials, including crystalline nano sized TiO2 (nano-TiO2), which is known to be 
photoactive.12 
Nano and macro sized TiO2 are semiconductors that can be excited by wavelengths with higher 
energy (384-410 nm) than their band gap (3.0-3.2 eV),13, 14 resulting in the formation of an energy-rich 
electron hole pair.12 In aqueous suspensions, the valence band holes react with H2O or hydroxide ions 
adsorbed on the surface thereby generating adsorbed hydroxyl radicals (•OH).15 Oxygen can be 
efficiently oxidized by the excited electron to superoxide anions (O2-).16 The generated radicals can 
further react and produce other reactive oxygen species (ROS) as e.g. hydrogen peroxide (H2O2), free 
•OH radicals or hydroperoxyl radicals (HOO•).17 The anatase form of TiO2 is the form most 
commonly used in photocatalytic applications.18 
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The generation of ROS by photoactive materials can be used to degrade organic pollutants in the 
environment.19, 20 ROS may also cause negative effects to the environment when organisms are 
exposed to ROS concentrations exceeding their antioxidant defense system, thereby inducing 
oxidative stress.21-23 Phototoxicity of nano-TiO2 was determined in several studies with bacteria, 
marine phytoplankton, crustaceans, and vertebrates such as fish and frogs.24-30 
Crustaceans are used in international standards and guidelines (OECD, ISO, US-EPA) as a basis test 
organism for the standard ecotoxicity testing of substances.31-33 Standard Daphnia tests (48 h), in 
which nano-TiO2 was tested without simultaneous exposure to solar radiation, revealed median 
effective concentrations (EC50) between 10 mg/L and about 500 mg/L.8, 9, 34-42 In contrast, recent 
studies which included solar radiation in the test design have indicated that solar radiation 
considerably enhances the toxicity of nano-TiO2 to daphnids.39-41, 43 
A large diversity of nano-TiO2 materials exists: differing in particles size, shape, crystal structure, or 
coating used. So far, phototoxicity studies with daphnids have investigated the phototoxicity of the 
mixed phase nano-TiO2 material P25.39-41, 43 One study tested the acute toxicity of an anatase TiO2 
nanomaterial under UVA irradiation to daphnids.41 However, no phototoxicity study with daphnids 
considered particle size by testing different sized TiO2 materials of one crystal phase in their study. 
Here we provide evidence, that it is necessary to investigate different primary particle sizes of nano-
TiO2 in phototoxicity studies to correctly assess their possible ecotoxicological effects. We tested two 
different sized uncoated, anatase nano- TiO2 materials and one bulk anatase TiO2 material in Daphnia 
sp. acute immobilisation tests.32 The assays were conducted by simultaneously exposing 
Daphnia magna to the TiO2 materials and solar radiation. In addition, we investigated whether the 
ionic strength of the test medium influences the potential phototoxicity of the TiO2 materials. 
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2.3 Material and Methods 
2.3.1 Characterization of TiO2 powders and suspensions 
NM 101 (Hombikat UV 100, primary particle size: 7-10 nm, 100% anatase, Sachtleben), PC 105 
(NM 102, PPS: 15-25 nm, 100% anatase, Cristal Global) and Tiona AT 1 (NM 100, PPS: 200-220 nm, 
100% anatase, Cristal Global) were used in the framework of the Sponsorship Programme of the 
Working Party of Manufactured Nanomaterials (WPMN) of the OECD. All TiO2 materials correspond 
to the batches of the JRC Nanomaterial Repository NM Series NM 101, NM 102 and NM 100. Table 
A-1 summarizes their properties in regard to primary particle size, crystal structure, Brunauer Emmett 
Teller (BET) specific surface area and coating as indicated by the manufacturers. 
The specific surface area of the TiO2 powders was measured using a multipoint BET method on 
Micromeritics surface area analyser.44 The crystal structure of TiO2 and the potential presence of minor 
phases were examined by X-ray diffraction (XRD) with an Enraf Nonius PDS 120 X-ray 
diffractometer, equipped with a Co tube and a primary monochromator-slit system, which confined the 
X-ray beam to monochromatic radiation (Kα1). 
Stock suspensions (100 mg in 100 mL) were prepared by dispersing TiO2 materials in deionized 
water for 15 min by using an ultrasound probe (200 W, pulsed ultrasound: 0.2 s pulse and 0.8 s pause 
at 100% power, Sonoplus 200 W, BANDELIN Electronic GmbH & Co. KG). Working suspensions 
(100 or 10 mg/L) were diluted from stock suspensions with deionized water. Hydrodynamic diameters 
(HD) and zeta potentials (ZP) of the particles in the stock, working, and test medium suspensions were 
analyzed with electrophoretic and dynamic light scattering (ELS, DLS, Zetasizer Nano, Malvern 
Instruments). Primary particle sizes of the TiO2 materials in suspension (100 mg/L in deionized water) 
were verified by transmission electron microscopy (TEM) images (CM 20, Philips, operated at 
200 kV). For this, 10 µl of the suspensions was transferred to a copper grid (Plano) that was placed on 
a filter paper and subsequently subjected to TEM analysis. 
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2.3.2 Sedimentation experiment  
TiO2 stock or working suspensions were prepared as described in section 2.3.1 and diluted with 10-
fold diluted ISO medium to a concentration of 1.3 mg/L (all materials) and 80 mg/L (only 
nanomaterials). Pure test medium, to which no TiO2 was applied, was used as control. Each test vessel 
contained five daphnids. The test medium was sampled by gently placing the tip of a glass pipette 
directly beneath the water column surface. Hydrodynamic diameters and zeta potentials of the 
particles in the test were analyzed in triplicates at 0, 24, and 48 h as described in section 2.3.1. The Ti 
concentration was analyzed in the test medium samples (nominal concentration 1.3 mg/L, n=3) and in 
controls containing no TiO2 material according to ISO 11885 45 by inductively coupled plasma optical 
emission spectrometry (ICP-OES, Ti limit of quantification 5 µg/L) after microwave digestion of the 
samples at 200 °C and 100 bar with nitric acid (65%) and hydrofluoric acid (40%). 
2.3.3 Testing photoactivity 
a) Terephthalic acid (TA) fluorescence method 
The formation of free •OH radicals was measured with the terephthalic acid (TA, Sigma Aldrich) 
fluorescence method described by Hirakawa and Nosaka et al..46 TiO2 stock suspensions (1 g/L, n=3) 
were either kept under dark conditions or irradiated for 15 min with the simulated solar radiation 
(SSR) lamp, which was also used in the ecotoxicity tests (section 2.3.4). Fluorescence intensities of 
the reaction product hydroxyterephthalic acid (TAOH) were recorded with a micro well plate reader 
(Infinite 200 M, Tecan) and converted to TAOH concentrations (µmol/L) by reading the fluorescence 
intensity from a TAOH (Sigma Aldrich) calibration curve. All fluorescence intensities were corrected 
for that of blank samples (0 mg TiO2/L).  
b) DMPO (5,5-dimethyl-1-pyrroline N-oxide) method 
All TiO2 stock suspensions (1 g/L, n=3) were measured via electron paramagnetic resonance (EPR) 
spectroscopy to determine their photo catalytic activity (radical formation) after five minutes 
irradiation with either full spectrum light (315-800 nm, Natural Light, Former repti GLO 2.0 compact, 
50 W, Exo Terra) or UVA (25 W Omnilux) irradiation according to Lipovsky et al..47 The following 
EPR settings were used for all measurements that were performed at room temperature: magnetic 
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field: 3365 G, sweep width: 100 G, scan time: 30 s, number of scans: 3, modulation amplitude: 
2.000 G, receiver gain: 1000. Quantification was carried out on first derivation of the EPR signal of 
the DMPO–OH quartet as an average of total amplitudes in arbitrary units (AU). For quality control 
dH2O + DMPO was checked as blank value and TiO2 (P25, 1 g/L, n=3) as positive control. 
2.3.4 Phototoxicity experiments 
a) Experimental test set up (light sources) 
A normal fluorescent tube was used as light source for the Daphnia sp. acute immobilisation tests 
with laboratory light (LL). Phototoxicity experiments with simulated solar radiation (SSR) were 
irradiated with a metal vapor lamp which emitted a spectrum comparable to sunlight (280-800 nm, 
Bright Sun UV Desert, 70 W, Lucky Reptile, Waldkirch, Germany). The irradiance of UVA 
(2.36 mW/cm²) and UVB (0.15 mW/cm²) at the surface of the test beakers was recorded by using a 
calibrated spectrometer (AvaSpec, ULS 3648 200-1100 nm, Avantes). UVA and UVB irradiation are 
comparable to that of a midsummer day (04.07.2000, 13:36, UVA 4.10 mW/cm² and UVB 
0.12 mW/cm²) in Westerland, Germany.48 
b) Daphnia sp. acute immobilisation test (OECD 202) 
Acute toxicity tests were performed with < 24 h old neonates of Daphnia magna according to the 
OECD guideline 202 (48 h exposure duration).32 For each TiO2 material parallel test series were run 
with either LL or SSR under a 16 h light/8 h dark regime. Immobility of daphnids was monitored after 
24 h and 48 h of exposure. Each test series consisted of five or seven treatment groups with different 
TiO2 concentrations and one control (0 mg TiO2/L). All treatment groups consisted of four replicates 
containing five neonates each. The desired test concentrations were obtained as described in 
section 2.3.1 by using either undiluted ISO medium (only nanomaterials; ISO medium composition 
see Table A-4)33 or 10-fold diluted ISO medium (all TiO2 materials) as test medium. Each test series 
was conducted at least twice, except for the LL experiment in undiluted ISO medium with NM 101, 
which was conducted only once. 
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2.3.5 Statistical analysis 
Ecotoxicity data were statistically analyzed with ToxRat® Professional (version 2.10, ToxRat® 
solutions GmbH). Variance homogeneity was verified using Levene’s test. Normality of the data was 
checked using Kolmogorov-Smirnov test. Concentration response functions were fitted to the data 
using probit analysis. The median effective concentration (EC50) was calculated from this function. 
Significant differences to the control (p<0.05) were determined using Fisher’s Exact Binominal Test 
with Bonferroni Correction to derive the lowest observed effect concentration (LOEC) and no 
observed effect concentration (NOEC).  
One way ANOVA was conducted followed by a Tukey’s post-hoc test to determine any significant 
differences (p<0.05) between the treatment groups of the photoactivity experiments. Significant 
differences between the treatment groups of the DLS, ELS and sedimentation experiments were 
determined using student-t test (two sided, p<0.05).  
  
Chapter 2 
50 
2.4 Results and discussion 
2.4.1 Characterization of TiO2 powders and suspensions 
We characterized the tested nanoparticles in regard to size and surface charge of the particles in the 
stock, working, and test medium suspensions. By additionally determining their sedimentation 
behavior, photoactivity, and surface area, we linked nanoparticle properties to their potential 
ecotoxicity. 
The measured BET specific surface area of the TiO2 materials was comparable with the information 
given by the manufacturer (Table A-1) and was inversely proportional to the primary particle size 
(PPS): NM 101 (280 m²/g) > NM 102 (77.6 m²/g) > NM 100 (9.4 m²/g).  
XRD diffraction patterns of all tested TiO2 materials correspond to those of pure phase anatase TiO2 
(Figure 6E). Broader peaks were observed with decreasing particle size as a consequence of the lower 
periodicity of nanomaterial assemblies.16 The XRD results confirm that the tested TiO2 particles differ 
only in particle size and not in crystal structure. 
TEM was used to confirm the PPS of the different particles. PPS of NM 101 and NM 102 were 
about 10 nm and 20-30 nm (Figures 6D and C) similar to the sizes given by the manufacturer (7-
10 nm and 20-25 nm, Table A-1). In contrast to the nanomaterials, PPS of the bulk material 
determined by TEM had a wide size distribution between 0.2-1.0 µm (Figures 6A and B). These sizes 
differed from the information of the manufacturer, stating an average primary particle size of 200-
220 nm (Table A-1). Bertrand et al.49 detected a particle size distribution of NM 100 ranging from 0.1-
0.8 µm confirming our finding. The Joint Research Center (JRC) Repository report shows TEM 
images of NM 100 particles with PPS between 20 nm and 300 nm and presents mean primary particle 
sizes of 40-90 nm and 150 nm, measured by two different laboratories. It is discussed that the PPS as 
stated by the manufacturer (200-220 nm, Table A-1) is not reliable, because the crystallite size of 
NM 100 is too large to be reliably measured by XRD. Furthermore, it states that 27.3% of the 
particles/agglomerates were below 100 nm.50 
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Figure 6. Transmission electron microscopy images of TiO2 particles sampled from NM 100 (A, B), NM 102 
(C), NM 101 (D) suspensions (100 mg/L, deionized water) immediately after preparation. Powder 
diffractograms (E) of NM 101 (blue), NM 102 (red) and NM 100 (black) compared with the line pattern of TiO2 
anatase (green) obtained from ICDD-PDF2 database (entry 1078-2486). Percentage of the nominal TiO2 
concentration (1.3 mg/L) at test initiation (0 h) and termination (48 h) in 10-fold diluted ISO medium (F). Error 
bars represent standard deviations on the mean of three replicates (n=3). Asterisks indicate significant 
differences between t0 and t48 for each material (p<0.05). 
Currently the EU defines nanomaterials as particles, in an unbound state or as an aggregate or as an 
agglomerate and where, for 50 % or more of the particles in the number size distribution, one or more 
external dimensions is in the size range 1 nm-100 nm.51 Consequently, NM 100 is not a nanomaterial 
and is therefore defined in our study, as well as in the JRC Repository report, as a ‘bulk comparator’.50 
The mean hydrodynamic diameter (HD) of the nanomaterials in the stock and working suspensions 
according to the dynamic and electrophoretic light scattering (DLS/ELS) analyses were remarkably 
larger than their PPS (Figures 7A and C-1; Table A-1), indicating an agglomeration of the 
nanoparticles in deionized water. NM 101 and NM 102 are both sintered TiO2 materials,52, 53 meaning 
that they consist of aggregates which do not break up by ultrasonication treatment.54 
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The HD of the bulk material (261 ± 9 nm, Figure 7B) is comparable to that determined by the JRC 
Repository (229 nm)50 and larger than the PPS presented in the JRC Repository report (40-90 nm and 
150 nm), indicating agglomeration of the bulk material in the stock suspension. 
ZPs of the NM 101 and NM 100 particles in the stock suspension were below – 30 mV 
(-31.8± 4.2 mV and -38.2 ± 10.8 mV, Figures 7A and B). According to the criterion that particles with 
ZP value above 30 mV and below -30 mV are electrostatically stabilized at ionic strength (IS) below 
0.1 M,55 the measured values demonstrate stable suspensions of NM 101 and NM 100. For NM 102 
particles, a positive ZP below 30 mV was detected, representing an unstable suspension 
(12.2 ± 1.1 mV, Figure 7C-2). 
The DLS and ELS analyses of the particles in the test medium show that daphnids were exposed to 
TiO2 suspensions changing over time driven by sedimentation of larger agglomerates (Figure 7A-B). 
In more detail, daphnids were exposed to negatively charged NM 101 agglomerates with 
hydrodynamic diameters of about 750 nm at the start of exposure (t0) and 290 nm after 48 h (t48, 
80 mg/L, Figure 7A) and NM 100 particles of around 280 nm (t0) and 220 nm (t48, 1.3 mg/L, 
Figure 7B). Due to strong and increasing sedimentation of the NM 102 particles we were not able to 
obtain valid measurements of HD and ZP in the test medium. We assume that daphnids were exposed 
to positively charged, large NM 102 agglomerates with sizes above 650 nm (stock suspension, 
Figure 7C-1). The agglomeration and destabilization of the nanomaterials in the test medium is 
probably due to the higher ionic strength of the test medium than in the stock suspension, resulting in 
decreased electrostatic repulsive forces between particles (Derjaguin-Landau-Verwey-Overbeek 
theory, DLVO). 
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Figure 7. Hydrodynamic diameters (HD) and zeta potentials (ZP) of NM 101 (A), NM 100 (B) and NM 102 (C-
1, C-2) in the stock (S-SP 1 g/L), working (W-SP 100 and 10 mg/L) and test suspensions (10 fold diluted ISO 
medium) at different time points (0, 24, 48 h). Measurements of NM 102 in the test suspension were not valid 
because of strong sedimentation of the particles (data not shown). Error bars represent standard deviations on the 
mean of at least three independent replicates. Asterisks indicate significant differences to the S-SP and circles 
indicate differences compared to the time point t0 of the specific test suspension (p<0.05). 
In order to measure the real exposure concentrations and to investigate whether sedimentation 
differed between the various TiO2 particles, we performed inductively coupled plasma optical 
emission spectrometry analyses of the upper phase of the test media. Due to the decisive 
agglomeration and destabilization of the TiO2 particles in the test medium, sedimentation started 
immediately resulting in measured concentrations of the aqueous phase of around 10-20% of the 
nominal concentration (1.3 mg/L, Figure 6F). The sedimentation behavior at test initiation depended 
on the primary particle size and was more pronounced the larger the PPS of the TiO2 materials was. 
Further sedimentation of the nanomaterials from the upper water phase was detected at the end of the 
experiment (t48); this was not the case for the bulk material (Figure 6F). 
To elucidate the mechanism of phototoxicity of the TiO2 materials to D. magna we measured their 
•OH radical formation capability with two different methods. 
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In the TA fluorescence experiment samples were irradiated with the SSR lamp used in the 
ecotoxicity tests. Without sunlight irradiation no hydroxyl radicals were generated, whereas irradiation 
with SSR induced •OH radical formation by all TiO2 materials in a particle size dependent manner: 
NM 101>NM 102>NM 100 (Figure 8A). 
Quantum sized particles were reported to be more photoactive than larger particles. For particles 
with a diameter below 10 nm, the band gap energy increases due to quantum mechanical 
characteristics, resulting in a blue shift of the adsorption edge.12, 56 Moreover, the rate of diffusion of 
the charge carrier from the bulk to the surface of the material depends on the particle size, and 
increases as particle size decreases,57 resulting in a higher photoactivity of smaller particles.58, 59 
The DMPO/EPR experiment revealed a different •OH radical induction pattern of the TiO2 materials 
after irradiation with a full spectrum lamp (Figure 8B) than that obtained with the TA fluorescence 
method (Figure 8A). This finding was confirmed by a second DMPO experiment, which was 
conducted with a UVA lamp (Figure 8C). In line with the TA fluorescence results we observed for all 
tested particles a negligible •OH radical formation without irradiation and a significantly enhanced 
•OH radical formation upon irradiation with SSR or UVA. However, •OH radical formation was 
always highest for the positive control P25, followed by the intermediate sized anatase TiO2 particle 
NM 102, which showed a 50-60% and 75% higher photoactivity than that of NM 101 and NM 100, 
respectively. For the latter two particles we detected a comparable •OH radical formation (Figures 8B 
and C).  
Mixed phase TiO2 such as P25 consists of a mixture of anatase and rutile and has a higher 
photocatalytic activity than rutile or anatase TiO2.60 In compliance with this finding we measured the 
highest photoactivity for P25. 
Besides studies demonstrating that the TiO2 photoactivity increased with a decrease in particle 
size,58, 59 studies exist indicating that photoactivity of TiO2 materials is not only a function of particle 
size, but that it additionally depends on other important nanoparticle properties such as crystal 
structure, particle size distribution, surface hydroxyl group density,61, 62 charge separation efficiency60 
and amounts of crystalline defects.63 Although the optimum particle size varies, many studies observed 
that photoactivity was highest for intermediate nano-sized anatase TiO2 particles.18, 64, 65 Almquist and 
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Biswas64 compared the photoactivity of anatase TiO2 particles with a size range between 5-165 nm 
with each other and observed an optimal anatase crystal particle size of around 25 nm. They suggest 
that for particles smaller than 25 nm, photoactivity depends more on optical and electronic properties 
including light absorption and scattering efficiencies and charge-carrier dynamics, which strongly 
depend on particle size. In contrast, for particles greater than 25 nm, photoactivity depends more on 
the surface area available for redox reactions.  
The induction pattern observed with the DMPO method reflects the findings described by Almquist 
and Biswas.64 We suggest that NM 101 was less photoactive than the larger NM 102 because the 
electron hole pair recombination might occur faster within NM 101 thus reducing its quantum 
efficiency. The primary particle size of NM 102, which was shown to have the highest •OH formation 
rate, lies in the range of the optimum particle size found for photoactivity by Almquist and Biswas.64 
For particles > 25 nm photoactivity mainly depends on available surface area. Therefore, NM 100, 
which has a smaller BET specific surface area than NM 102, exhibited a lower •OH formation than 
NM 102 (Figures 8B and C). The different induction patterns observed with the TA and DMPO 
method in our study may reflect that TA can only react with free •OH radicals and DMPO can 
additionally react with surface attached •OH radicals and holes of TiO2.66  
 
 
  
Figure 8. •OH radical formation in TiO2 suspensions (1 g/L) of NM 101, NM 102 and NM 100, and P25 (the 
latter only in B and C) measured with the TA fluorescence method (A) and DMPO method (B, C) after 
irradiation with a full spectrum (A, B) or an UVA lamp (C). Error bars represent standard deviations on the mean 
of the replicates of one experiments (n=3). Asterisks indicate significant differences between the non irradiated 
and irradiated treatment groups and circles those between the non irradiated and irradiated control (p<0.05). 
Crosses mark significant differences between the irradiated NM 102 and NM 101 as well as NM 100 treatment 
groups (p<0.05). 
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Thus, in our experiments it appears that the formation of free •OH radicals increased with a decrease 
in primary particle size (TA experiment), whereas the overall •OH radical formation (free •OH 
radicals, valence band holes and adsorbed •OH radicals) was highest at an intermediate particle size of 
20-25 nm (NM 102; DMPO experiment).  
2.4.2 Phototoxicity of TiO2 to Daphnia magna – acute immobilisation test (OECD 202) 
In aqueous media, besides the valence of ions countering the surface charge, the pH, and the 
presence of natural organic matter (NOM), the ionic strength has an influence on the dispersion 
stability of nanoparticles.67-69 Natural waters with a lower ionic strength (430-445 µM)70 than that of 
ISO medium (8653 µM) exist. Consequently, it might be necessary to perform Daphnia sp. acute 
immobilisation tests32 in a lower ionic strength medium like 10-fold diluted ISO medium (865 µM), to 
obtain an appropriate hazard assessment of nanomaterials. Therefore, we performed our experiments 
in 10-fold diluted ISO medium. For comparison, the nanomaterials were additionally tested in 
undiluted ISO medium.  
2.4.3 Phototoxicity of TiO2 to Daphnia magna – 10-fold diluted ISO medium 
When the different sized TiO2 materials were tested in the standard Daphnia sp. acute 
immobilisation tests according to the OECD guideline 202 none of the materials tested affected the 
mobility of D. magna under laboratory light conditions in 10-fold diluted ISO medium (Figures 9D-F), 
except for NM 101 at very high concentrations (EC50 79.5 mg/L, Table A-2). Our results are in line 
with other studies in which daphnids were exposed to TiO2 nanomaterials for 48 h. In some cases 
EC50 values > 100 mg/L were observed,8, 34-36, 38, 39, 41, 71 whereas others determined EC50 values 
between 10-100 mg/L9, 37, 40, 42 e.g. the EC50 of 33.7 mg/L for nano-TiO2 was obtained by Dalai et al.42  
The SSR experiments in our study demonstrate that SSR induced the toxicity of both, nanomaterials 
and the bulk material in a dose dependent manner (Figures 9A-C). We observed that the nanomaterials 
NM 102 and NM 101 were more phototoxic to D. magna than the bulk material NM 100. Due to their 
large surface to volume ratio, most of the atoms of nanoparticles lay close to or at the surface.72 
Therefore, nanoparticles generally exhibit a higher reactivity per mass than their bulk counterparts and 
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consequently a higher biological reactivity.73 For example CuO, ZnO, TiO2, Al2O3, as well as C60 
nanomaterials were reported to be more toxic to daphnids than their bulk counterparts.8, 9, 74 
Our study demonstrates that standard Daphnia sp. acute immobilisation tests32 are not able to 
adequately detect the toxicity associated with nano- and non-nanoscale TiO2 particles. Neglecting the 
influence of sunlight leads to a clear underestimation of the environmental risk associated with TiO2 
materials. Furthermore, our findings support the claim to the importance of testing bulk and nano 
forms of one substance separately to obtain a relevant hazard assessment. 
The intermediate sized anatase TiO2 material NM 102 (EC50: 0.53 mg/L) was found to have the 
highest phototoxicty followed by the smaller sized nanomaterial NM 101 (EC50: 1.3 mg/L) and the 
bulk material NM 100 (EC50: 3.9 mg/L, Table A-2). Hence, our results indicate that the extent of 
phototoxicity of the tested TiO2 materials did not inversely correlate with the primary particle size and 
thus must be additionally triggered by further TiO2 properties. 
When we link the observed toxicity to the photoactivity results (i.e. TA and DMPO tests), we see 
that, except for NM 101 at high concentrations (EC50: 79.5 mg/L, Table A-2), effects on the mobility 
of D. magna only occurred in the presence of •OH radicals that were only formed under irradiation 
with solar radiation (Figures 8A-C). Thus, we suggest that •OH radical formation was the main factor 
triggering the phototoxicity of the tested TiO2 materials to D. magna and that nano as well as macro 
sized particles were photoactive and phototoxic to D. magna. 
The DMPO experiment for quantification of •OH radical formation (Figures 8B and C) may explain 
the variation of the phototoxicity of the different sized TiO2 materials to D. magna. Phototoxicity as 
well as •OH radical formation were highest for the intermediate sized TiO2 material NM 102. 
Although NM 101 and NM 100 exhibited a comparable •OH radical formation per mass, NM 101 was 
more phototoxic than NM 100. Considering that NM 101 has a much larger surface area (Table A-1), 
the daphnia-particle interaction site might have been much larger than for NM 100, resulting in a more 
pronounced phototoxicity.  
Hence, phototoxicity is a function of daphnia-particle interaction site and photoactivity, which 
depends on particle size. 
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As previously mentioned, the TA method measures only free •OH radicals whereas the DMPO 
method additionally detects valence band holes and surface adsorbed •OH radicals.66 Considering that 
the DMPO pattern can be linked to the observed phototoxicity, we suggest that valence band holes and 
surface adsorbed •OH radicals mainly contributed to the observed phototoxicity of the TiO2 materials 
to D. magna. Thus, the total •OH radical formation, measured by EPR, can be used as an indicator for 
the phototoxicity of TiO2 materials to D. magna.  Further studies are necessary to validate our 
hypotheses. 
Because •OH radicals have very short lifetimes (about 10 µs)75 enabling them only to diffuse around 
2-6 nm from their site of origin76, 77 the TiO2 particles must have adsorbed on D. magna where they 
were able to oxidize components of its carapace, e.g., polyunsaturated phospholipids. Such molecules 
are known to be susceptible to ROS resulting in lipid peroxidation,15 which is caused by oxidative 
stress.21 Ma et al.78 also suggested that ROS related phototoxicity of nano-TiO2 to D. magna occurred 
externally, most probably on the surface of D. magna. Likewise, several studies with E. coli 
demonstrate that the extent of phototoxicity of nano-TiO2 is closely linked to its adsorption to their 
cell membranes.15, 79, 80 Moreover, Cho et al.79 proved that adsorbed •OH radicals and valence band 
holes mainly trigger the phototoxicity of nano-TiO2 to E. coli. Consequently, we suggest that the 
extent of the phototoxicity is influenced by the particle-daphnia interaction site. 
Remarkably, NM 102 particles revealed the highest phototoxicity and were the only ones with a 
positive ZP in the stock suspension, indicating that its surface composition may differ from that of the 
other tested TiO2 materials. X-ray absorption spectroscopy (XAS) or infrared spectroscopy (IR) might 
help to explain this observation. Bozich, et al. 81 found that positively charged Au nanoparticles were 
more toxic to D. magna than negatively charged nanoparticles and assumes that this was caused by a 
higher affinity of the positive charged particles to negatively charged cell surfaces of D. magna. This 
dependency was documented for cells, mammals, and other aquatic organisms such as fish.82-86 Thus, 
the more pronounced phototoxicity of NM 102 might be linked to its potential positive surface charge 
in the test medium (not measured), enabling a more pronounced daphnia-particle interaction of 
NM 102 than for the other TiO2 materials. 
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Only few other studies considered the phototoxicity of nano-TiO2 by simultaneously exposing 
daphnids to nano-TiO2 and UVA radiation40, 41, 43 or solar radiation.39 Similarly to our study, all these 
studies reveal that UVA or SSR induces phototoxicity of the tested TiO2 nanomaterials to daphnids. 
EC50 values for P25 vary between 29.8 µg/L and 7.8 mg/L upon SSR or UVA irradiation, whereas 
they vary between 29.7 mg/L and > 500 mg/L under dark conditions.39-41, 43 An EC50 value of 
56.9 mg/L was determined for anatase particles (100% anatase, < 10 nm) under UVA irradiation, 
compared to the lack of effects on the mobility of D. similis observed under dark conditions.41  
Ma et al. 39 and Kim et al.43 revealed that nano-TiO2 exposure in the presence of SSR or UVA 
irradiation enhanced the intracellular ROS generation in daphnids compared to daphnids exposed only 
to nano-TiO2 under dark conditions. Additionally, Ma et al.39 found a correlation between the 
extracellular ROS generation and immobility of D. magna exposed to P25 under SSR. Kim et al.43 
revealed an increase of the mRNA expression of the antioxidant enzymes CAT and GST in D. magna 
exposed to P25 with UVA irradiation, indicating the induction of oxidative stress. In our study, we 
proved that the tested TiO2 materials formed •OH radicals when they were irradiated with SSR. 
Consequently, we assume that extracellular ROS generation also induced oxidative stress within our 
test organisms, thereby causing the observed effects on the mobility of D. magna. 
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Figure 9. Immobility (%) of Daphnia magna exposed to NM 101, NM 102, and NM 100 with either 
simulated solar radiation (SSR; A, B, C) or with laboratory light (LL; D, E, F) in 10-fold diluted ISO 
medium. Error bars represent standard deviations on the mean of the replicates from at least two 
independently conducted experiments (n=8-16). Circles (24 h of exposure) and asterisks (48 h of exposure) 
indicate significant differences from the control (p<0.05). 
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2.4.4 Phototoxicity of nano-TiO2 to Daphnia magna - undiluted ISO medium 
In this study, not only the influence of SSR but also the influence of the ionic strength of the test 
medium on the toxicity of the nanomaterials was investigated. SSR induced toxicity of NM 101 and 
NM 102 was less pronounced in ISO medium (EC50 48 h 2.9 mg/L and 1.1 mg/L, Figures A-1A and 
B; Table A-3) than in diluted ISO medium after 24 h and 48 h of exposure (EC50 48 h 1.28 and 
0.53 mg/L, Figures 9A and B; Table A-2).  
We suggest that the higher ionic strength of the ISO medium induced a faster and stronger 
agglomeration of the nanoparticles compared to those in diluted ISO medium. This suggestion is in 
accordance with the DLVO theory: at higher ionic strength, surface charges of the particles are 
shielded, thereby reducing the diffusive layer thickness. Thus, the particles have a higher tendency to 
agglomerate due to Van-der-Waals interactions.87, 88 A pronounced agglomeration and sedimentation 
of TiO2 nanoparticles with increasing IS was recorded in several studies.29, 54, 67 
As suggested above, phototoxicity of the tested TiO2 materials may not only depend on the 
photoactivity of the particles but also on the particle/daphnia-interaction site. A stronger 
agglomeration results in a stronger sedimentation of the particles thereby reducing the particle/daphnia 
interaction site and thus the phototoxicity of the particles in ISO compared to diluted ISO medium. 
Our results confirm that 10-fold diluted ISO medium may be regarded as a more appropriate 
medium for testing nanomaterials, in order to represent natural waters which have a lower ionic 
strength than ISO medium 
2.4.5 Environmental relevance of TiO2 phototoxicity 
The characterization of the particles in the test medium (i.e. diluted ISO medium) revealed that 80-
90% of all tested particles were cleared from suspension already at the start of the experiment 
(Figure 6F). If the observed toxicity effects are related to the measured TiO2 concentrations in the 
upper water phase, EC50 values (EC50approx) of NM 101, NM 102 and NM 100 are around 80-90% 
lower than those based on nominal TiO2 test concentrations (EC50nom, Table A-2), for example 
EC50nom for NM 102 is 0.53 mg/L while EC50approx is 0.05 mg/L. Daphnids do not stay only in the 
upper water phase, they show a vertical migration 89 through which they can regularly dip into the 
nano-TiO2 sediment which most probably formed on the bottom of the beakers. Therefore, it remains 
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unclear whether the particles in the upper water phase or those at the bottom of the test vessel were 
mainly contributing to the observed phototoxicity. Consequently, such low EC50approx must be 
interpreted as worst case EC50 values. 
Relating the EC50approx to the predicted environmental concentrations (PEC) of nano-TiO2 in surface 
and sewage treatment effluent water, which are in the low ng/L- µg/L range,90, 91 we suggest that the 
tested TiO2 materials might pose a risk to the environment. Considering that the American pigmentary 
TiO2 production (1,450,000 t/a in 2007)92 is orders of magnitudes higher than the estimated worldwide 
nano-TiO2 production (10,000 t/a in 2010),93 we assume that bulk TiO2 PEC values would also be 
orders of magnitude higher than those for TiO2 nanomaterials. Hence, the bulk material, which is often 
reported to be an inert material with no toxicological risk,18 might pose an even higher risk to 
D. magna in surface waters than the tested nano-TiO2 materials. We admit that for the modeling of 
nano-TiO2 PEC values it was not distinguished between different forms or sizes of nano-TiO290. 
Furthermore not all nano- or bulk TiO2 materials are photoactive. Therefore, further research is 
necessary to determine specific nano-TiO2 and bulk environmental concentrations, which can be used 
to generate a realistic risk assessment of different forms of nano- and bulk TiO2 materials. 
Phototoxicity of P25 to D. magna in ISO water (EC50 value of 1.2 mg/L) was higher than in river 
water (EC50 value of 3.4 mg/L) under solar radiation40. Nano-TiO2 phototoxicity was shown to 
depend on the UV dosage,25, 78 which is altered by the NOM content in natural waters.28, 94  
Therefore, it is necessary to consider the environmental conditions to obtain a complete risk 
assessment of TiO2 materials.25 
In conclusion, the phototoxicity of the tested TiO2 materials is a function of daphnia particle 
interaction site and photoactivity, which depends on the primary particle size of the TiO2 
nanoparticles. Moreover, the extent of phototoxicity was linked to the total •OH radical formation rate 
of the TiO2 particles including free and surface adsorbed •OH radicals as well as valence band holes, 
indicating that a close contact between daphnids and particles is necessary to induce phototoxic effects 
by nano-TiO2. To the best of our knowledge, our study is the first study that investigated the 
phototoxicity of different sized pure phase anatase TiO2 materials including a bulk TiO2 material to 
D. magna under simulated solar radiation conditions.  
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3.1 Abstract 
Nanomaterials, including the photoactive titanium dioxide nanomaterial (nano-TiO2) and other 
ingredients of personal care products such as the antimicrobial substance triclocarban (TCC), 
continuously enter the aquatic environment as mixtures. We investigated whether nano-TiO2 
influences the toxicity of TCC to two aquatic organisms (Daphnia magna and Danio rerio). Further, 
we examined whether solar radiation alters the toxicity of the photolabile TCC as well as the extent of 
mixture toxicity. Therefore single compound and mixture assays were conducted under standard light 
and simulated solar radiation (SSR) conditions. 
SSR enhanced the toxicity of TCC, applied as a single substance, to D. magna (laboratory light, LL 
EC50: 27 µg/L, SSR EC50: 6 µg/L), which was however not observed in corresponding D. rerio 
experiments (dark LC50: 74 µg/L, SSR LC50: 80 µg/L). In a mixture with nano-TiO2 at a 
concentration of 1.0 mg/L the effect of TCC to D. magna and D. rerio was significantly lowered by up 
to 64% and 78% under standard (laboratory) light conditions and simulated solar irradiation (SSR, 
53% reduction).  
Our study shows that (a) in mixtures of nano-TiO2 and TCC the toxicity of the biocide is reduced and 
that this interaction is influenced by environmental factors such as sunlight and (b) that the ecotoxicity 
of TCC to D. magna is higher under SSR. 
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3.2 Introduction 
Since the last decades, nanomaterials are applied in manifold processes such as in waste water 
treatment, ground water remediation, or as catalyst for chemical synthesis, and are used in a variety of 
products including food, beverages, paints and plastics, as well as personal care products (PCP).1-4 
Nano-TiO2, which is one of the most produced nanomaterials worldwide, 5 is e.g., used as ultra violet 
radiation (UV) absorber in sunscreens.6 During the regular usage of PCP, large quantities of 
nanomaterials and other ingredients of PCP such as fragrances (e.g. musks), insect repellants (e.g. 
diethyltoluamide), preservatives (e.g. parabens), UV filters (e.g. methylbenzylidene camphor), and 
antimicrobial substances (e.g. triclocarban; TCC), continuously enter the environment as mixtures.7-9 
Nanomaterials, due to their exceptional surface constitutions and their high surface areas are highly 
reactive10 and provide a large interaction site for co-contaminants.11, 12 Consequently, they might 
influence the environmental fate, bioavailability, and toxicity of such substances, which necessitates 
the understanding of combined effects of nanomaterials and co-contaminants. 
Nano-TiO2 has a high adsorption capacity for other nanomaterials,11 metals,13-16 and organic 
substances (e.g. phenanthrene, bisphenol A, dichlorvos, and benzidine).17-20 Adsorption of these 
substances to nano-TiO2 is driven by physical and chemical sorption21 comprising electrostatic 
interaction, ion exchange, ion dipole interactions, hydrogen bonding, or hydrophobic interactions.19 
Through the formation of nanomaterial co-contaminant complexes,4, 13-15, 22 bioaccumulation and 
toxicity of an adsorbed substance might either be enhanced or reduced, depending on whether the 
complexes are taken up by the organism or not. Yang et al.14 showed that Cd-nano-TiO2-complexes, 
which were not taken up in cells of the green alga Chlamydomonas reinhardtii, reduced the 
accumulation and toxicity of Cd by lowering its bioavailable fraction through adsorption. In contrast, 
these complexes were taken up by the protozoan Tetrahymena thermophila, resulting in an enhanced 
Cd accumulation and toxicity.15 Furthermore, remobilization of the adsorbed substance can occur 
within the digestive gut fluid, as shown for pentachlorphenol-multi-walled carbon nanotubes 
(MWCNT) complexes4 and can in this way decisively influence the uptake of the adsorbed substance 
into the exposed organism.  
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One further property of nano-TiO2, which influences the environmental fate, bioavailability, and 
toxicity of organic co-contaminants, is its photoactivity:23 Light irradiation (384-410 nm) 
corresponding to the band gap energy (3.0-3.2 eV)24, 25 of nano-TiO2, may lead to mineralization26 and 
degradation27 of co-contaminants. 
Although the influence of nano-TiO2 on the bioaccumulation and toxicity of metals such as As, Ag, 
Cu, Cd and Zn to aquatic organisms is already extensively studied,13-15, 21, 28 this is not the case for 
nano-TiO2 and organic co-contaminants.27 Therefore, we investigated the influence of nano-TiO2 on 
the acute toxicity of an organic co-contaminant to aquatic organisms (Daphnia magna and Danio 
rerio). 
One major co-contaminant of nano-TiO2 in PCP is TCC. It is used as an antimicrobial agent to 
prevent microbial spoilage in a variety of PCP such as shampoos, toothpastes, deodorants or 
detergents.29 Recently it is one of the most frequently detected ingredients of PCP in sewage sludge,30 
sediments,31 and surface waters.9, 32 TCC concentrations of about 2.5-388 ng/L were detected in natural 
rivers and lakes,9, 32-35 and up to 6.5 µg/L in waste water treatment plant (WWTP) influent.36 It is toxic 
to several aquatic organisms29, 37-39 including Daphnia magna (median effective concentration (EC50): 
7-20 µg/L,29, 38 and Danio rerio, no observed effect concentration (NOEC): 24 µg/L).38 Due to its high 
lipophilicity (octanol water partition coefficient (log Kow) 4.2),29 it was shown to accumulate in 
ephippia of daphnids, and in fish, algae, snails and sediment worms.40-44 Tamura et al.38 determined 
risk quotients (measured environmental concentration/predicted no effect concentration (MEC/PNEC) 
ratios) above 1 for TCC in river water with low flow rates or droughts in China and the USA, 
indicating that TCC poses a risk to aquatic organisms in the environment.  
In surface waters, beside microbial degradation, PCP may also be transformed by direct and indirect 
photolysis,45, 46 which might either result in the complete degradation of the compound, or as in the 
case of TCC in the formation of toxic metabolites:47, 48 3,4-dichloroaniline (3,4-DCA), 4-
chloroisocyanatobenzene, 4-chloronitrobenzene and 4-chloroaniline. Solar radiation was not 
considered in recent toxicity studies with TCC,29, 37-39 a missing link in its environmental risk 
assessment.  
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Considering the photoactivity of nano-TiO2 and the photodegradability of TCC, interactions 
between both might be influenced by relevant environmental conditions such as solar radiation. 
Therefore, we conducted mixture toxicity assays with D. magna and D. rerio under standard light 
conditions as well as under solar radiation. Furthermore, we tested the influence of solar radiation on 
the toxicity of the single compound TCC. 
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3.3 Material and Methods 
3.3.1 Chemicals 
Nano-TiO2 (PC 105, primary particle size (PPS): 15-25 nm, 100% anatase, Cristal Global) was used 
in the framework of the Sponsorship Programme of the Working Party of Manufactured 
Nanomaterials (WPMN) of the Organization for Economic Co-operation and Development (OECD). 
The applied PC 105 batch corresponded to the batch of the Joint Research Center (JRC) Nanomaterial 
Repository NM Series (NM 102). Table A-5 summarizes their properties in regard to PPS, crystal 
structure, Brunauer Emmett Teller (BET) specific surface area and coating as indicated by the 
manufacturer. In chapter 2, we already characterized NM 102: X-ray diffraction (XRD), BET and 
transmission electron microscopy (TEM) analyses confirmed manufacturer’s data on the crystal phase 
(anatase), BET specific surface area (77.6 m2/g) and primary particle size (20-30 nm). Dynamic and 
electrophoretic (DLS and ELS) measurements of NM 102 in stock suspensions (1 g/L, deionized 
water) revealed that NM 102 formed large, unstable agglomerates (hydrodynamic diameter (HD): 
625 nm, zeta potential (ZP) 12.2 mV). Electron paramagnetic resonance (EPR) measurements 
confirmed that SSR irradiation induced the generation of free and surface bound hydroxyl radicals 
(•OH) by NM 102, which was not the case under dark conditions. Triclocarban (3,4,4‚-
trichlorocarbanilide, CAS 101-20-2, chemical purity 99%, Sigma Aldrich) was purchased from Sigma 
Aldrich. 
3.3.2 Phototoxicity experiments 
a) Experimental test set up (light sources) 
A normal fluorescent tube was used as light source for the Daphnia sp. acute immobilisation tests 
with laboratory light (LL). Phototoxicity experiments with simulated solar radiation (SSR) were 
irradiated with a metal vapor lamp which emitted a spectrum comparable to sunlight (280-800 nm, 
Bright Sun UV Desert, 70 W, Lucky Reptile, Waldkirch, Germany). The irradiance of UVA 
(2.36 mW/cm²) and UVB (0.15 mW/cm²) at the surface of the test beakers was recorded by using a 
calibrated spectrometer (AvaSpec, ULS 3648 200-1100 nm, Avantes). UVA and UVB irradiation 
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were comparable to that of a midsummer day (04.07.2000, 13:36, UVA 4.10 mW/cm² and UVB 
0.12 mW/cm²) in Westerland, Germany.49 
3.3.3 Daphnia sp. acute immobilisation test (OECD 202) 
Acute toxicity tests were performed with < 24 h old neonates of Daphnia magna according to the 
OECD guideline 202 (48 h exposure duration).50  
For the single compound TCC, parallel test series were run with either no illumination (dark) and 
irradiation with LL or SSR under a 16 h light/8 h dark regime. Each test series consisted of four to six 
treatment groups with different TCC concentrations (dark: 15.0-40.0 µg/L; LL: 10.0-50.0 µg/L; SSR: 
1.9-60.0 µg/L) and one solvent control (0 µg TCC/L, 1% ethanol). All treatment groups and controls 
consisted of four replicates containing five neonates in ISO medium.51 Each test series was repeated 
three times, except for the dark test series, which was conducted only once. Only valid tests according 
to the OECD test guideline 20250 were considered for evaluation. 
In chapter 2, we investigated the influence of solar radiation and primary particle size on the effects 
of anatase TiO2 nanomaterials (NM 101 and NM 102 PPS: 10 and 25 nm) on the mobility of D. magna 
in ISO medium. We found that NM 102 was the most phototoxic nano-TiO2 material tested, resulting 
in a 48 h EC50 of 1.1 mg/L. Therefore, we decided to use NM 102 as a representative of a phototoxic 
nano-TiO2 material in the mixture toxicity assays of the present study. 
Two different concentrations of TCC alone (LL: 14 µg/L and 23 µg/L; SSR: 1 µg/L and 5 µg/L) and 
NM 102 alone (LL and SSR: 0.15 mg/L and 1.10 mg/L), as well as mixtures of TCC and NM 102 at 
the same concentrations were either tested under LL or SSR conditions. All test series were repeated 
three times. In each test, controls containing only ISO medium (without TCC and NM 102) were 
tested with four replicates.  
NM 102 stock suspensions (1 g/L) were prepared by dispersing TiO2 materials in deionized water 
for 15 min by using an ultrasound probe (200 W, pulsed ultrasound: 0.2 s pulse and 0.8 s pause at 
100% power, Sonoplus 200 W, BANDELIN Electronic GmbH & Co. KG). Working suspensions 
(100 mg/L) were diluted from stock suspensions with deionized water and were further diluted with 
ISO medium to the specific NM 102 concentrations. 
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3.3.4 Fish embryo acute toxicity test (OECD 236) 
Wild type zebrafish (Danio rerio) were raised and maintained at 26 ± 1 °C and a 14/10 h light:dark 
rhythm according to standard laboratory conditions52 and Peddinghaus et al.53 
Fish embryo acute toxicity assays were conducted according to the OECD guideline 23654 in ISO 
medium.51 Directly after spawning fertilized eggs, which were within the 8-cell - 64-cell stages, 
undergoing normal cleavage and showing no injuries of the chorion were selected by using a binocular 
microscope. After exposure of embryos under dark or SSR conditions at 26 °C, sub-lethal effects 
(edema, no bloodstream, no pigmentation, spine malformation, and general developmental 
aberrations) and the number of surviving embryos were recorded every 24 h over an exposure period 
of 96 h by using an inverted microscope. Each test series consisted of the treatment groups, negative 
controls (40 embryos, ISO medium only, < 10% mortality after 96 h of exposure), solvent controls (10 
embryos, ISO medium with 1% ethanol), and positive control groups (20 embryos, 3.7 mg 3,4-
dichloroaniline/L, > 30% mortality after 96 h of exposure). The treatment groups consisted of two 
replicates containing each five embryos per glass vessel (20 mL, Ø 40 mm, VWR). Only valid tests 
according to the OECD test guideline 23654 were considered for evaluation. 
The test series with TCC alone under dark and SSR conditions consisted of six treatment groups 
(12.3-333 µg/L). The dark TCC test series was repeated at least twice, whereas the SSR TCC test 
series were conducted only once. 
Furthermore, D. rerio embryos were exposed to two different concentrations of TCC alone (dark 
and SSR: 66 µg/L and 111 µg/L) and NM 102 alone (dark and SSR: 0.1 mg/L and 1.0 mg/L), as well 
as to mixtures of TCC and NM 102 at the same concentrations either under dark or SSR conditions. 
All mixture test series were repeated three times. 
In the SSR experiments with D. rerio, evaporation of the test medium was prevented by placing a 
quartz glass plate on top of the test vessels. 
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3.3.5 Statistical analysis 
Ecotoxicity data were statistically analyzed with ToxRat® Professional (version 2.10, ToxRat 
solutions GmbH). Concentration response functions were fitted to the data using probit analysis. The 
EC50 was calculated from this function. Significant differences to the control (p<0.05) were 
determined using Fisher’s Exact Binominal Test with Bonferroni Correction to derive the lowest 
observed effect concentration (LOEC) and NOEC.  
One way ANOVA was conducted to determine any significant differences (p<0.05) between the 
treatment groups of the mixture toxicity assays as well as between the SSR and dark TCC treatment 
groups in the fish embryo assay. Thereto, variance homogeneity was verified using Levene’s test. 
Normality of the data was checked using Kolmogorov-Smirnov test.  
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3.4 Results and Discussion 
3.4.1 Phototoxicity of TCC applied as single compound  
a)  Daphnia sp. acute immobilisation test 
A clear dose-response relationship of TCC exposed daphnids for all irradiation conditions tested 
was observed (LL, SSR, and dark, Figures 10A and B, A-2). TCC showed a similar toxicity to 
D. magna (immobility) when tested under dark or LL conditions (48 h EC50 dark: 20 µg/L and LL: 
27 µg/L, Table 1 and Figures A-2 and 10A). The obtained EC50 values are comparable to those 
determined in a study of the TCC Consortium (48 h EC50: 10-20 µg/L).29 However, Tamura et al. 
observed a slightly higher TCC toxicity compared to our study (48 h EC50: 7.1-12 µg/L).38  
Under sunlight irradiation (SSR) the toxicity of TCC was enhanced around 3-4-fold (48 h EC50 
SSR: 6 µg/L, Table 1 and Figure 10B) compared to LL or dark exposures. 
TCC can sufficiently absorb wavelengths above 290 nm ensuring that it can undergo photolysis 
under the used test conditions (280-800 nm),48 according to Ding et al. and Guerard et al. TCC is 
photo-degraded under solar radiation.47, 48 The following main degradation products were identified by 
Ding et al.:47 3,4-dichloroaniline (3,4-DCA), 4-chloroisocyanatobenzene, 4-chloronitrobenzene and 4-
chloroaniline. Except for 4-chloroisocyanatobenzene, the toxicity of these compounds to D. magna 
(without SSR) is already known. 48 h EC50 values indicate that all metabolites themselves are less 
toxic to D. magna than TCC (48 h EC50 3,4-DCA: 0.29 mg/L, 4-chloroaniline: 0.33 mg/L and 4-
chloronitrobenzene: 2.7 mg/L).55-57 Considering that the highest applied TCC concentration was 
50 µg/L, it can be excluded that in our study metabolite concentrations reached toxic levels. However, 
it is well known that mixtures of individual compounds present in concentrations equal to their NOEC 
or EC1 may exhibit a synergistic effect, which is higher than expected from the toxicity of each single 
compound.58-60 Consequently, either mixture toxicity of the metabolites and the remaining TCC or the 
(unknown) toxicity of the metabolite 4-chloroisocyanatobenzene caused the observed photo enhanced 
toxicity of TCC to D. magna. To the best of our knowledge, this is the first study demonstrating that 
solar radiation induces phototoxicity of TCC to D. magna, thereby giving evidence that solar radiation 
should be considered during the hazard assessment of TCC. 
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Figure 10. Immobility (%) of Daphnia magna exposed to TCC with either laboratory light (LL, A) or simulated 
solar radiation (SSR, B). Error bars represent the standard deviations on the mean of the four replicates of three 
independently conducted experiments (n=12). Circles and asterisks indicate significant differences to the control 
at 24 h and 48 h of exposure (p<0.05). 
b) Fish embryo acute toxicity test (Danio rerio) 
When embryos were exposed to TCC alone in the dark, only low mortality of D. rerio embryos (24-
48 hpf: below 10%, 72 hpf below 26%, Figure A-3) was monitored prior to hatching (0-72 hpf). In 
contrast, a concentration dependent increase in mortality was observed after hatching of larvae (96 hpf 
LC50 dark: 0.074 mg/L, Table 1, Figure 11A).  
As in our study, Tamura et al. observed that TCC caused mortality of D. rerio larvae.38 NOEC 
values amounted to 24 µg/L for embryos/larvae exposed to TCC for 9 days. However, TCC exposure 
concentrations of 30 µg/L already caused 100% mortality.  
A number of studies reported an increase in mortality after hatching when larvae were exposed to 
substances such as 2,3,7,8-tetrachlordibenzodioxin, thiobencarb, maneb, diuron, or 
pentachlorophenol.61-63 Most lipophilic substances can easily pass membranes, such as the chorionic 
membrane.63-66 Thus, the chorion can lower the uptake rate of these substances in embryos compared 
to larvae, as it is shown for polycyclic aromatic hydrocarbons, atrazine and lindane,66, 67 but does not 
completely prevent the uptake of lipophilic substances in embryos. An explanation for the increase in 
larvae toxicity compared to embryo toxicity was given by van Leeuwen et al.63 dieldrin accumulated in 
the yolk sac lipids thereby acting as a sink of toxicants for embryonic stages. During larval 
development, accumulated substances are redistributed within the organism during the yolk resorption  
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Figure 11. Mortality (%) of Danio rerio embryos exposed to TCC in the dark (A) and SSR (B). Error bars 
represent the standard deviations on the means derived from the replicates of one (SSR) or two to three (dark) 
independently conducted experiments (n=4-6). Asterisks indicate significant differences to the control (p<0.05). 
For embryos exposed to all TCC treatment groups for 24, 48 and 72 hpf no mortality higher than 26% was 
monitored (Figure A-3). 
process, enabling them to reach their toxic site of action. This is in line with our finding that TCC 
induced lethal effects only in hatched larvae and not already in the embryonic stage. 
Next we investigated the influence of sunlight irradiation on the toxicity of TCC to D. rerio. The 
determined LC50 value (96 hpf LC50: 80 µg/L, Table 1, Figure 11B) did not deviate from that 
observed under dark conditions (96 hpf LC50: 74 µg/L, Table 1 and Figure 11A), i.e., in contrast to 
the daphnia experiment toxicity of TCC to D. rerio was not photo enhanced although it is likely that 
the photolytic metabolites of TCC described above were also formed in the SSR fish embryo toxicity 
assays. Obviously, D. rerio embryos were less susceptible to mixtures of these metabolites. 
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Table 1. EC50, LOEC and NOEC values (nominal) derived from the D. magna or fish embryo acute toxicity test 
with NM 102 and TCC. Tests were performed either under laboratory light (LL), solar radiation (SSR) or dark 
conditions. 
 
Material/ 
substance 
Daphnia magna (48 h) Danio rerio (96 h) 
Light 
condition 
EC50a 
(mg/L) 
95%-CLb 
lower/upper 
(mg/L) 
LOECc 
(mg/L) 
NOECd 
(mg/L) 
EC50a 
(mg/L) 
95%-CLb 
lower/upper 
(mg/L) 
LOECc 
(mg/L) 
NOECd 
(mg/L) 
NM 102 
LL n.c.ef n.c.ef > 50.0f ≥ 50.0f n.c.e n.c.e > 100 ≥ 100 
SSR 1.1f 0.8/1.4f ≤ 0.2f < 0.2f n.c.e n.c.e > 5  ≥ 5 
TCC 
LL 0.027 0.020/0.038 0.023 0.015 - - - - 
SSR 0.006 0.004/0.009 ≤ 0.002 < 0.002 0.080 0.061/0.105 - - 
Dark 0.020g 0.016/0.024 g ≤ 0.015 g < 0.015 g 0.074 0.011/0.259 0.066 0.037 
a median effect concentration, b 95% confidence limit, c lowest observed effect concentration, d no observed effect 
concentration, e not calculable, f chapter 2, g Data kindly provided by Dr. Anne Simon, (96 h EC50 12.65 µg/L)68  
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3.4.2 Phototoxicity of nano-TiO2 and TCC mixtures 
a) Daphnia sp. acute immobilisation test 
We exposed D. magna neonates to mixtures of TCC and NM 102, either under LL or SSR 
conditions.  
Under laboratory light conditions (LL), immobility of D. magna exposed to mixtures never 
exceeded that determined in the TCC single treatment group (Figure 12A), indicating that synergistic 
or additive effects did not occur. On the contrary, we observed that in TCC exposed daphnids 
(23 µg/L) the presence of 1.1 mg/L NM 102 significantly lowered the effect of TCC on their mobility 
by 64% in comparison to the TCC single treatment group (Figure 12A). 
The reduction of TCC toxicity by NM 102 might be due to degradation of TCC by hydroxyl radicals 
generated by NM 102 under LL conditions. However, photolytic surface catalyzed reactions hardly 
contribute to the degradation of a number of different organic substances under light deficiency 
(LL).69-71 It is known that without solar irradiation NM 102 does not generate hydroxyl radicals 
(chapter 2). Therefore, we assume that the reduction in TCC toxicity to D. magna is not related to a 
photolytic surface catalyzed degradation of TCC by NM 102 but rather to a reduced bioavailability 
due to sorption. 
A number of substances including metal ions and organic substances such as phenanthrene, 
bisphenol A, dichlorovos and benzidine were shown to adsorb to nano-TiO2,13, 14, 16, 18-20 thereby 
forming complexes with nano-TiO2. Several studies have reported that when these complexes cannot 
cross cell membranes and no remobilization of the substance occurs, the bioavailable fraction of the 
substance is lowered, resulting in a lower toxicity.13, 14 Although nano-TiO2 was shown to be taken up 
in the gut of daphnids,72, 73 aged, coated nano-TiO2 (T-LiteTM) and uncoated TiO2 (P25) were not taken 
up within mid gut epithelia and microvilli cells of daphnids; rather they remained within the digestive 
tracts of daphnids.73, 74 The same was reported for CuO and Au nanoparticles as well as for carbon 
nanotubes (CNTs).75-77 Therefore, we suggest that TCC adsorbed to nano-TiO2 and that TCC-
nanoTiO2 complexes were taken up in the gut of daphnids but were not remobilized within the 
digestive fluid, resulting in a lower bioavailability and toxicity of TCC. 
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Figure 12. Immobility (%) of Daphnia magna exposed to TCC, NM 102 and mixtures of both under laboratory 
light (LL; A) and simulated solar radiation (SSR, B). Error bars represent the standard deviations on the mean of 
the replicates of three independently conducted experiments (n=12). Asterisks indicate significant differences to 
the control and circles significant differences to the corresponding TCC treatment group without NM 102 
(p<0.05). 
Under SSR daphnids, which were exposed to 1.1 mg NM 102/L alone had a significantly lowered 
mobility compared to control daphnids (36.7 ± 30.6% immobility, figure 12B). This finding is in line 
with that of a previous experiment showing that NM 102 was phototoxic to daphnids under SSR 
(EC50 1.1 mg/L, table A-3, chapter 2). However, this was not the case in presence of TCC 
(Figure 12B). The latter observation might be linked to a scavenger effect of TCC: TCC absorbs UV 
radiation above 290 nm,47 which is required by NM 102 to induce ROS generation. Consequently, the 
presence of TCC might have lowered the phototoxicity of nano-TiO2 to D. magna. Guerard et al.48 
revealed that during indirect photolysis in presence of fulvic acids as photosensitizers, TCC is 
degraded by •OH radicals. Hence, TCC might have functioned as a scavenger of •OH radicals in our 
study and thereby might have lowered the phototoxicity of nano-TiO2 to D. magna. 
b) Fish embryo acute toxicity test 
Previous experiments (data not shown) revealed that NM 102 did not alter the survival of 
embryos/larvae exposed to concentrations of up to 100 mg/L and 5 mg/L for 96 h under LL and SSR 
conditions (NOEC LL; SSR: ≥ 100 mg/L; 50 ≥ mg/L, Table 1). Therefore, no TiO2 controls were 
tested in the mixture experiments. We suggest that D. rerio embryos are less susceptible to reactive 
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oxygen species (ROS) generated by NM 102 than D. magna, because formed NM 102 agglomerates in 
the test medium (HD > 625 nm, chapter 2) were not able to pass the chorionic membrane (0.5-
0.7 µm)78 and to interact with the embryo. Furthermore, the chorion might have protected the embryo 
from the formed, highly reactive •OH radicals, because they already react with lipids of the chorionic 
membrane thereby preventing interactions with the embryo.79 
D. rerio embryos exposed to low (66 µ/L) and high (110 µg/L) TCC concentrations, revealed a 
larvae mortality of about 10-20% and 80-90% after 96 hpf under both irradiation conditions tested 
(Figures 13A and B). 
In presence of NM 102, mortality never exceeded that of the TCC alone treatment groups, indicating 
that no synergistic or additive effect occurred under both light conditions tested (Figure 13Aand B). In 
contrary, in the dark mixture experiments, mortality of D. rerio induced at 110 µg TCC/L was 
significantly lowered (78% reduction) in presence of 1 mg NM 102/L compared to the TCC alone 
exposure under dark conditions (Figure 13A). This observation is in line with those of the daphnia 
mixture experiment. 
Also in the SSR experiments toxicity of TCC (110 µg/L) in presence of 1 mg NM 102/L was 
lowered, however less (lowered by 53%) than compared to the experiments in the dark (lowered by 
78%; Figure 13). The higher mortality under SSR might be caused by a higher bioavailability of TCC 
in presence of solar radiation than under dark conditions: •OH might damage the chorionic membrane 
by lipid and protein peroxidation, thereby enhancing the permeability and bioavailability for TCC. In 
line with our conclusion Zhu et al. observed a higher mortality for abalone embryos exposed to 
mixtures of tributyltin (TBT) and nano-TiO2 compared to single substance exposures.12 They showed 
that TBT generated ROS caused lipid and protein peroxidation of the chorionic membrane. The latter 
resulted in a higher chorion permeability for TBT-nano-TiO2 complexes and thus to a higher TBT 
embryo toxicity.  
We conclude that SSR has an influence on the extent of mixture toxicity of TCC and nano-TiO2 to 
D. rerio and, therefore, suggest that ecotoxicity tests should include experiments with simulation of 
natural light conditions. 
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Figure 13. Mortality (%) of Danio rerio embryos exposed to TCC, NM 102 and mixtures of both under dark 
conditions (A) and simulated solar radiation (SSR, B). Error bars represent the standard deviations on the mean 
of the replicates of three independently conducted experiments (n=6). Asterisks indicate significant differences 
to the control and circles significant differences to the corresponding TCC treatment group without NM 102 
(p<0.05). For embryos exposed to all TCC treatment groups for 24, 48 and 72 hpf no mortality higher than 27% 
was monitored (data not shown). NM 102 without TCC induced no mortality up to 100 mg/L and 5 mg/L under 
LL and SSR (data not shown). 
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3.5 Conclusion 
In the present study, we showed that exposure to relevant levels of solar radiation can enhance the 
toxicity of TCC to aquatic organisms such as D. magna, indicating the need to include solar radiation 
in the hazard assessment of TCC. In comparison to the Daphnia sp. acute immobilisation test50 the fish 
embryo acute toxicity test54 turned out to be less susceptible to determine the phototoxicity of 
ingredients of PCP such as TCC and NM 102: In comparison to dark conditions, SSR exposure did not 
enhance the toxicity of TCC and NM 102 to D. rerio embryos. We assume that D. rerio embryos are 
protected as the chorion might acts as a barrier for nano-TiO2 and the generated •OH radicals. No 
phototoxicity of TCC to D. rerio embryos was detected, because embryos might be less susceptible to 
the mixture of formed intermediates of TCC in comparison to D. magna.  
The mixture experiments revealed that nano-TiO2 significantly lowered the toxicity of TCC to both 
aquatic organisms tested. We suggest that TCC adsorbed to nano-TiO2 was less bioavailable and thus 
toxic to both organisms tested. In the mixture toxicity tests with D. rerio, TCC toxicity was reduced to 
a lesser extent in the presence of SSR irradiation compared to mixture toxicity tests with laboratory 
light conditions. We assume that this is due to a higher penetrability of the chorionic membrane by 
attack of •OH radicals generated by NM 102 under SSR irradiation, which caused a higher 
bioavailability of TCC for D. rerio embryos. Consequently, our study demonstrated that the 
interaction of nano-TiO2 and organic co-contaminants can be influenced by environmental factors 
such as solar radiation.  
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4.1 Abstract 
Nano-TiO2 and other ingredients of personal care products such as the antimicrobial substance 
triclocarban (TCC) continuously enter sewage treatment plants and the terrestrial environment as 
mixtures. We investigated whether different sized, uncoated anatase nano-TiO2 materials (NM 101, 
NM 102 and NM 100, primary particle size: 7, 15, 200 nm) influenced the acute and chronic toxicity 
of TCC to activated sludge and earthworms. Furthermore, we examined whether the single substances 
or mixtures induced oxidative stress in earthworms, by measuring biomarkers of oxidative stress, 
including catalase and glutathione S-transferase activities, malondialdehyde content and apoptotic 
activity in earthworm tissues. 
TCC (LC10: 262 mg/kg dw and EC50: 243 mg/kg dw) in contrast to nano-TiO2 (NOEC: 
≥ 1000 mg/kg dw) significantly reduced the survival and reproduction of earthworms compared to 
controls. TCC bioaccumulation factors (BAF) where lower when TCC was applied via soil (BAF: 
2.8 ± 0.7) than via food (BAF: 10.3 ± 1.1), indicating that chronic exposure via food might result in an 
even higher toxicity. In presence of the nano-TiO2 materials, the acute and chronic toxicity of TCC to 
earthworms was either not influenced or lowered. For example in presence of 1000 mg/kg dw NM 102 
or NM 100, the acute TCC toxicity (40% mortality, 675 mg/kg dw) was lowered by 80%. Oxidative 
stress analysis revealed that the tested single substances and mixtures did not induce oxidative stress in 
the exposed earthworms. Furthermore, nano-TiO2, TCC and mixtures of both were nontoxic to 
activated sludge (NOEC: ≥ 1000 mg/kg dw). 
In conclusion, our study demonstrates that nano-TiO2 reduces the toxicity of TCC to earthworms in 
complex environmental media such as soil. 
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4.2 Introduction 
Upon nanomaterials, nano-TiO2 belongs to the most produced nanomaterials worldwide.1 Since the 
last decades, it is used in a variety of products, such as food, beverages, plastics, paints for façade, as 
well as in personal care products (PCP).2-5 One of the most predominant material flows in the life 
cycle of nano-TiO2 was identified between nano-TiO2 containing products and waste water treatment 
plants (WWTP) by using a probabilistic material flow modeling.6 Nano-TiO2 was found to have a high 
adsorption potential to sludge.7 Considering that in the EU and US, 55% and 63% of sludge is applied 
to agricultural soils,8, 9 nano-TiO2 will be transferred to agricultural soils. 
Consequently, nano-TiO2 might pose a risk to microorganisms of activated sludge and terrestrial 
organisms, such as earthworms. Although, to the best of our knowledge, the toxicity of nano-TiO2 to 
activated sludge is unknown, several studies have investigated the acute and chronic toxicity of nano- 
TiO2 to earthworms. Acute toxicity tests show that nano-TiO2 had no effect on the mortality of 
earthworms up to exposure concentrations of 10 g/kg dry weight (dw) and exposure durations of up to 
28 days.10-14 However, at an application level of 1 g/kg dw, nano-TiO2 significantly enhanced the 
activity of the antioxidant enzyme catalase (CAT) in exposed earthworms, indicating that nano-TiO2 
induces oxidative stress in earthworms.10 Chronic earthworm toxicity tests either revealed no effects 
(at 10 g/kg dw), or showed a significant reduction (at 1 g/kg dw) or a stimulation of reproduction (at 
50 mg/kg dw).11, 12, 15  
Under realistic conditions, activated sludge and earthworms are not only exposed to a single 
contaminant but to mixtures of a huge variety of contaminants. Nano-TiO2 which is used in PCP, such 
as sunscreens,16 enters the environment simultaneously with other ingredients of PCP, including 
antimicrobial substances such as triclocarban (TCC).6, 17, 18 Nano-TiO2 has a high surface area, which 
poses a large interaction site for co-contaminants and was shown to adsorb other nanomaterials,19 
metals,20-23 and organic substances (e.g. phenanthrene, bisphenol A, dichlorovos, and benzidine).24-27 
Thus, nano-TiO2 might influence the environmental fate, bioavailability, and toxicity of co-
contaminants, which necessitates the understanding of combined effects of both. 
Several studies have extensively investigated the influence of nano-TiO2 on the bioaccumulation and 
toxicity of metals such as As, Ag, Cu, Cd and Zn to aquatic organisms 20-22, 28, 29, indicating that nano-
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TiO2 either enhanced or lowered the effect of the co-contaminant. But only few studies examined the 
influence of nanomaterials on the toxicity of co-contaminants to terrestrial organisms, such as 
earthworms. Multi-walled carbon nanotubes (MWCNT) were shown to lower the acute toxicity of 
sodium pentachlorophenate and the bioaccumulation of pyrene to earthworms.30, 31 To the best of our 
knowledge, no study investigated the influence of nano-TiO2 on the acute and chronic toxicity of 
organic soil contaminants to earthworms.  
The antimicrobial substance TCC is a major co-contaminant of nano-TiO2 in PCP,32 and as nano-
TiO2, it was frequently identified in high concentrations in activated sludge (0.23 to 80 mg/kg) 33-41 
and thus is also transferred to agricultural soils via biosolid amendment, resulting in soil 
concentrations of 1.24 to 1584 µg/kg dw.39, 42 As a result of its high lipophilicity (log Kow 4.2),32 TCC 
was shown to accumulate in ephippia of daphnids, fish, algae, snails, sediment worms and 
earthworms.43-48 Furthermore, TCC was shown to be toxic to several aquatic organisms.32, 49-51,50 In 
contrast, the terrestrial TCC toxicity is relatively unknown: Snyder et al. examined the acute toxicity 
of TCC to earthworms and determined a lethal concentration causing 50% effect (LC50) of 
40 mg/kg dw.48 Considering that TCC was identified as a new endocrine disrupting chemical,52 it 
might have an effect on the reproduction of organisms. To the best of our knowledge no study 
examined the chronic toxicity of TCC to Eisenia fetida. Triclosan (TCS), another antimicrobial 
substance included in PCP, was found to significantly alter the activity of the antioxidant enzymes 
catalase (CAT) and glutathione S-transferase (GST) in earthworms, indicating that TCS induced 
oxidative stress.53 TCC, which has a chemical structure very similar to TCS, might have a similar 
mode of action in earthworms. To the best of our knowledge, no toxicity data of TCC to activated 
sludge was found in the literature. 
In order to evaluate whether the simultaneous release of the PCP ingredients, nano-TiO2 and TCC 
into the environment poses a risk to activated sludge and earthworms, we tested these single 
compounds and mixtures of both in the respiration inhibition test (Organization for Economic 
Cooperation and Development, OECD 209),54 as well as in the earthworm acute toxicity and 
earthworm reproduction tests (OECD 207 and 222).55, 56 All tests were performed with three different 
sized nano-TiO2 materials (7, 15, and 200 nm; nanomaterials: NM101, NM102, bulk: NM100) to 
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examine whether the particle size influences nano-TiO2 toxicity or the interaction between nano-TiO2 
and TCC. In addition, we investigated (a) whether the single compounds NM 102 and TCC, as well as 
mixtures of both induced oxidative stress within exposed earthworms by measuring biomarkers of 
oxidative stress, including the activities of the antioxidant enzymes, CAT and GST, the content of 
malondialdehyde (MDA) and the apoptotic activity in earthworm tissues and (b) whether the uptake of 
TCC in earthworms was influenced by the TCC application method.  
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4.3 Material and Methods 
4.3.1 Chemicals 
NM 101 (Hombikat UV 100, primary particle size (PPS): 7-10 nm, 100% anatase, Sachtleben), 
PC 105 (NM 102, PPS: 15-25 nm, 100% anatase, Cristal Global) and Tiona AT 1 (NM 100, PPS: 200-
220 nm, 100% anatase, Cristal Global) were used in the framework of the Sponsorship Programme of 
the Working Party of Manufactured Nanomaterials (WPMN) of the OECD. All TiO2 materials 
correspond to the batches of the Joint Research Center Nanomaterial Repository NM Series NM 101, 
NM 102 and NM 100. Table A-6 summarizes their properties in regard to primary particle size, crystal 
structure, Brunauer Emmett Teller (BET) specific surface area and coating as indicated by the 
manufacturers. In chapter 2, we already characterized the TiO2 materials: X-ray diffraction (XRD) and 
BET analyses confirmed manufacturer’s data on the crystal phase (anatase) and BET specific surface 
area (280, 77.6, and 9.4 m2/g). Transmission electron microscopy (TEM) confirmed manufacturer’s 
data on the primary particle size (7-10 nm and 20-25 nm, Table A-6) of NM 101 and NM 102 (about 
10 nm and 20-30 nm), but not for NM 100 (0.2-1.0 µm). Reasons for the deviation of the measured 
PPS of NM 100 from that given by the manufacturer are discussed in chapter 2. 
Triclocarban (3,4,4‚-trichlorocarbanilide, CAS 101-20-2, chemical purity 99%, Sigma Aldrich) was 
purchased from Sigma Aldrich. 14C- TCC labeled at the monochlorinated phenyl ring, with a specific 
radioactivity of 3.5 MBq/mg was purchased from American Radiolabeled Chemicals Inc. (St-Louis, 
US).  
Chapter 4 
100 
4.3.2 Earthworm tests 
a) Soil 
RefeSol 01-A (Fraunhofer Institute for Molecular Biology and Applied Ecology (IME), 
Schmallenberg, Germany), a natural, slightly loamy, middle acidic, very slightly humic soil was used 
as test soil for the earthworm tests. The soil was air dried, sieved through a 2 mm sieve and stored at 
room temperature until use. The maximum water holding capacity (max. WHC) amounted to 29.8% 
and the organic carbon content was measured as 0.93% (Corg).  
b) Preparation and characterization of the TiO2 suspensions 
Stock suspensions (400 mg or 1000 mg in 160 mL deionized water, DI) were prepared by dispersing 
TiO2 materials in DI water for 15 min by using an ultrasound probe (200 W: 0.2 s pulse and 0.8 s 
pause at 100% power, Sonoplus 200 W, BANDELIN Electronic GmbH & Co. KG). Hydrodynamic 
diameters (HD) and zeta potentials (ZP) of the particles in the stock suspensions were analyzed with 
electrophoretic and dynamic light scattering (ELS, DLS, Zetasizer Nano, Malvern Instruments). TiO2 
stock suspensions were added to the test soils while these were continuously stirred, resulting either in 
a TiO2 soil concentration of 400 mg/kg dw (chronic toxicity test) or 1000 mg/kg dw (acute and chronic 
toxicity test) and 55% of the maximum WHC of the test soil. 
c) Test organism (Eisenia fetida) 
Adult earthworms (Eisenia fetida) with a clitellum, which weighed between 250-600 mg wet weight 
(ww) were used for the earthworm tests. They were collected from a culture maintained at ibacon 
GmbH (Rossdorf, Germany). Worms were acclimatized in uncontaminated test soil under test 
conditions (20 °C and a light dark rhythm of 16:8 hours) for 24 h before they were transferred to the 
test soils. Manure, which was used for feeding worms in the chronic earthworm tests, was obtained 
from an organic cow farm. 
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d) Earthworm, acute toxicity test (OECD 207) 
Acute toxicity tests were conducted at 20 °C under continuous light (400-800 lux) according to the 
OECD guideline 207 (14 d exposure duration).55 
The single substance test with TCC consisted of five treatment groups with different TCC 
concentrations (42.2-675 mg/kg dw, spacing factor 2) and one solvent control (0 mg TCC/kg dw, 
acetone).  
In each mixture experiment, five different concentrations of the single compound TCC (42.2-
675 mg/kg dw) were combined with a TiO2 concentration of 1000 mg/kg dw. Additionally, a solvent 
control (acetone) without TCC and nano-TiO2, as well as a TiO2 control (1000 mg/kg dw) without 
TCC were tested. TiO2 stock suspensions (1000 mg/L in 160 mL DI water) were prepared and applied 
to the test soil as described in section 4.3.2.c. All treatment groups consisted of four replicates 
containing each ten earthworms in 500 g dw test soil.  
After 7 and 14 days, living earthworms were counted. At test termination (14 d), worms were 
additionally washed and weighed. Thereafter, living worms were left on moist papers to clear their 
guts for 24 h. The number of living worms and the worm weights without gut content were determined 
after this period.  
e) Earthworm reproduction test (OECD 222) 
Earthworm reproduction tests were performed with adult earthworms showing a clitellum. Tests 
were conducted at 20 °C with a light dark rhythm of 16:8 h (400-800 lux) according to the OECD 
guideline 222 (56 d exposure duration).56 
The single substance test with TCC consisted of five treatment groups with different TCC 
concentrations (42.2-675 mg/kg dw) and one solvent control (0 mg TCC/kg dw, acetone).  
In each mixture experiment, five different concentrations of the single compound TCC (42.2-
675 mg/kg dw) were combined with a TiO2 concentration of either 400 mg/kg dw or 1000 mg/kg dw. 
Additionally, a solvent control (acetone) without TCC and TiO2, as well as a TiO2 control 
(1000 mg/kg dw) without TCC were tested. Nano-TiO2 stock suspensions (400 or 1000 mg/L in 
160 mL DI water) were prepared and applied to the test soil as described in section 4.3.2.c. All 
treatment groups, except the solvent controls, consisted of four replicates containing each ten 
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earthworms in 500 g dw test soil. Solvent controls consisted of eight replicates. After 28 days, living 
adult worms were counted, washed and weighed. Thereafter, test vessels containing the cocoons were 
exposed for further 28 d. Subsequently the number of juvenile worms was counted at test termination 
(56 d).  
The mixture experiments were done in two test series. In test series I TCC and NM 101 were tested 
in the laboratories of ibacon GmbH and in test series II TCC, NM 102 and NM 100 were tested in the 
laboratories of the RWTH-Aachen. The test conditions were the same and test organisms were taken 
from the same culture.  
f) Antioxidant enzyme analysis in earthworms 
After 28 d of exposure, three earthworms per treatment group of the single substance tests with TCC 
(42.2 to 675.0 mg/kg dw) and NM 102 (1000 mg/kg dw), as well as those exposed to mixtures of both 
were left to purge their guts for 24 h. Thereafter worms were frozen immediately in liquid nitrogen 
and stored at -80 °C until use. 
All procedures were carried out at 4°C. Worms were homogenized in homogenization buffer 
(50 mM Tris buffer, 250 mM sucrose, 1 mM EDTA; pH 7.5, 1:11 (w:v)) for 20 sec using an electric 
homogenizer (VDI 12, VWR, Germany). Homogenates were centrifuged for 20 min (9000 x g, 4°C) 
and the supernatant was used for analysis of enzyme activity. 
The protein concentration in the supernatant of each sample was measured according to the 
Bradford method,57 which was adapted to microplate measurement, using bovine serum albumin as an 
external standard (Bicinchonomic Acid Kit for Protein Determination, Sigma Aldrich, Germany, 
Figure A-7). 
The activity of GST (enzyme classification number (EC) 2.5.1.18) was determined in triplicates by 
the method of Habig et al.,58 adapted to microplate measurement, using 1-chloro-2,4-dinitrobenzene as 
substrate. The specific GST activity was expressed as nmol (mg protein)-1 min-1. 
The CAT activity (EC 1.11.1.6) was measured according to Baudhuin et al.,59 adapted to microplate 
measurement in triplicates at 25°C. The specific CAT activity was expressed as 
nmol H2O2 (mg protein)-1 min-1. 
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g) Analysis of lipid peroxidation in earthworms 
For analysis of lipid peroxidation, three worms per treatment group were homogenized in 1.15 % 
KCl solution (Fluka BioChemica, Germany) (1:11 (w/v)) with an electric homogenizer (VDI 12, 
VWR, Germany). Subsequently, the MDA content in the homogenates was measured according to 
Ohkawa et al., using 1,1,3,3,-tetramethoxypropan (TMP) as external standard (Figure A-8).60 The 
MDA content is expressed as nmol MDA (mg protein)-1. 
h) Apoptotic measurement in earthworms 
For the apoptotic measurements, purged worms (24 h, n=3) of the single substance tests with TCC 
(42.2, 168.9 and 675.0 mg/kg dw) and NM 102 (1000 mg/kg dw), were anesthetized in a chloreton 
solution (4 g/L NaCl (≥ 99.5%; Carl Roth GmbH, Germany), 2 g/L chloreton (Sigma Aldrich, 
Germany)) and preserved in 33% buffered formaldehyde. 
Worms preserved in 33% buffered fomaldehyde were dehydrated first for 25 h, embedded in 
paraffin (Sigma, France) and cut into 6 µm transverse sections in the part behind the clitellum. 
Subsequently, sections were first deparaffinised and rehydrated and then stained with the modified 
azan method described by Exbrayat et al. to get an overview of the structures of the tissue sections.61 
Apoptosis was examined using the Apostain method, according to the manufacture's protocol 
(Absys, Paris, France). The technique is based on the use of the monoclonal antibody F7-26. After a 
56°C formamide treatment to open double-stranded DNA, the monoclonal antibody is directed to the 
apoptotic single-stranded DNA (ssDNA). Briefly, sections were deparaffinized and rehydrated and 
then incubated in a phosphate buffered saline solution (PBS) containing saponin (0.2 mg/mL, Saponin 
from Quillaja bark, Sigma, France) and proteinase K (20 µg/L, Sigma, France). Subsequently, slides 
were incubated in 50 % formamide solution, followed by incubation in 3% hydrogen peroxide (H2O2) 
to block endogenous peroxidases, and incubation in non-fat milk to block non-specific binding of 
antibodies. Sections were then transferred to the first reaction solution (Elite PK-6200; Universal 
VECTASTAIN®; ABC Kit, Vector Laboratories, France) with mouse monoclonal anti ssDNA 
antibody F7-26 in a humidity chamber. Afterwards, the secondary biotinylated anti-mouse antibody 
(anti-mouse IgG-HRP, Immpress Vector) was added to the slides, which were again incubated in a 
humidity chamber. In the third step, an avidin-biotin-peroxydase complex was applied on the sections. 
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Labelled cells were directly detected by bright field microscopy after a 3,3-diaminobenzidnie (Sigma, 
France) exposure followed by hematoxylin (Meyer hematoxylin, Lobonord SAS, France) counter-
staining. Negative controls were made using 1:400 diluted horse serum instead of F7-26 antibody.  
Slide preparation was finished after dehydration, and then coverslips were placed on the stained 
sections, which were analyzed with a microscope. Apoptotic nuclei were brown and non-apoptotic 
nuclei were blue. With the software NIS-Elements BR 3.0 (Nikon) the apoptotic nuclei were counted 
on a specific area of different kinds of tissue. 
i) Bioaccumulation of TCC in earthworms 
TCC bioaccumulation tests with earthworms were performed based on the OECD guideline 317 
‘Bioaccumulation in terrestrial oligochaetes’.62 Earthworms were exposed to a total amount of 0.1 mg 
14C-TCC (stock solution: 1 mg/mL ethanol) either via soil or via food, resulting in a TCC 
concentration of 2 mg/kg dw soil or 200 mg/kg dw food, respectively. Each test vessel contained one 
earthworm in 50 g dw of soil. In the food experiment, 0.5 mg dw TCC spiked food (rewetted milled 
organic cow dung) was additionally placed on the surface of the soil. Each treatment group consisted 
of three replicates. Earthworms were exposed to TCC for 14 d. Subsequently, they were collected 
from the soil, washed and left to purge their guts for 24 h. Thereafter, worms were dried at 60°C until 
complete dryness, weighed and subjected to combustion in a biological oxidizer. At test initiation and 
termination, soils were thoroughly mixed and four soil samples per test vessel were collected, dried, 
weighed, and combusted in biological oxidizer (OX500, RJ Harvey Instruments Corporation, USA). 
The produced14CO2 was trapped in a scintillation vial containing 15 mL of scintillation cocktail 
(Oxysolve C-400, Zinsser Analytic GmbH, Germany). As such, the radioactivity in worms and soils 
could be measured by means of liquid scintillation counting (LSC). Recovery rates ranged between 89 
% and 102 %. Bioaccumulation factors (BAF) were calculated by dividing the TCC concentration in 
the worms after they had purged their guts by the concentration in the dry soil.  
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4.3.3 Chemical analysis  
a) Triclocarban analysis 
Soil samples of the earthworm reproduction test were collected at test initiation and test termination 
from the controls and from one of the lower (84 mg/kg) as well as the highest (675 mg/kg) TCC 
treatment groups of both the TCC test and the mixture tests with TCC and NM 101 (test series I). 
Three soil samples (5 g wet weight (ww)) per time point and treatment group were extracted two times 
with acetone (1:4 w/v; p.a. AppliChem, Darmstadt, Germany; recovery rate was 85%). TCC was 
analyzed in the soil extracts with liquid chromatography tandem mass spectrometry (LC-MS/MS) after 
13C-TCC (Cambridge Isotope Laboratories, Andover, Massachusetts, US) was added as an internal 
standard to the diluted soil extracts. Measurements were carried out with LC-MS/MS on an Eclipse 
XDB C-18 column (Agilent Technologies, Santa Clara, USA). A gradient was run with the mobile 
phase: acetonitrile (B) and water (A) which were both applied with 5 mM ammonium acetate 
(Table A-7). The retention time of TCC was 9.1 min. The recovery rate of the method was determined 
to be 85%. The sample concentrations were corrected for the recovery rate. 
b) TiO2 analysis  
Ti concentrations in finely ground soil samples of the solvent control (nominal: 
0 mg TiO2 material/kg; n=6) and the TiO2 controls (nominal: 1000 mg TiO2 material/kg; n=6) were 
analyzed by means of inductively coupled plasma optical emission spectrometry (ICP-OES) after 
digestion of the soil samples with a mixture of different acids (nitric acid, hydrogen fluoride, 
hydrochloric acid, and hydrogen peroxide; Table A-8). Digestion was carried out in 
polytetrafluorethylene tubes which were placed in a heating block (HotBlockTM Pro, Environmental 
Express, Charleston, South Carolina, USA). For each material, one TiO2 control (10 mg) was run, 
containing only pure TiO2 powder. Additionally, a blank control (0 mg TiO2) was measured. 
Measurements were carried out with ICP-OES (iCAP 6000 Duo, Thermo Scientific, Waltham, MA, 
USA). Ti standards were diluted from a Ti-standard stock solution (10 mg/L in water with 2.4% F-, 
SPEX CertiPrep, Metuchen, New Jersey, USA) with Milli-Q water containing 4% nitric acid (HNO3) 
to 0.05-100 ppm Ti. By multiplying the measured Ti concentrations with a Ti-TiO2 conversion factor 
(1.668), TiO2 concentrations were calculated. 
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4.3.4 Activated sludge respiration inhibition test (OECD 209) 
a) Test organism (activated sludge) 
Activated sludge was derived freshly from a domestic municipal WWTP (Bensheim, Germany). 
After a settling period of 5-15 min, coarse particles were removed from the sludge by decanting the 
upper water layer. The collected sludge was held in the lab for 2-3 days and was fed daily with 
synthetic sewage sludge.54  
b) Activated sludge, respiration inhibition test (OECD 209) 
The activated sludge, respiration inhibition test was performed according to the OECD 
guideline 209.54 
TiO2 stock suspensions (100 mg in 100 mL DI water) were prepared as described in section 4.3.2. 
Briefly, each replicate contained activated sludge (3 g dw/L), tap water, and, depending on the 
treatment group, a mixture of different ratios of DI water and TiO2 stock suspension (TiO2 control) or 
TiO2 stock suspension and a defined amount of the organic co-contaminants (TCC and 3,5-
dichlorophenol (3,5-DCP)), respectively. Only DI water was applied to the controls. Further, three 
concentrations (3.2, 10, 32 mg/L) of the positive control 3,5-DCP were applied in each test. Test 
vessels were aerated for 3 h, thereafter the oxygen consumption (respiration) of the activated sludge 
was measured in special flasks (Karlsruher flasks) by means of an oxygen electrode over a time period 
of 11 min.  
In a preliminary study, we found that TCC did not affect the respiration rate of activated sludge at 
an application level of 1000 mg/L (n=3, data not shown). Therefore, no further concentrations were 
tested.  
In the single substance tests with nano-TiO2, three different concentrations of the TiO2 materials 
(10, 100 and 1000 mg/L) were tested in triplicates. 
Two different mixture experiments were accomplished. In the first experiment, a mixture of one of 
the three TiO2 materials (100 mg/L) and the organic compound TCC (100 mg/L) was tested, whereas 
in the second experiment the positive control 3,5-DCP (100 mg/L) was used instead of TCC. In each 
test, a TiO2 material control (100 mg/L) and an organic compound control (100 mg/L) were 
additionally tested (n=3). 
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4.3.5 Analysis and statistics 
Ecotoxicity data were statistically analyzed with ToxRat® Professional (version 2.10, ToxRat 
solutions GmbH). Variance homogeneity was verified using Levene’s test. Normality of the data was 
checked using Kolmogorov-Smirnov test. Concentration response functions were fitted to the data 
using probit analysis. The concentrations causing 10 and 50% mortality (LC10 and 50) were 
calculated from this function. Significant differences to the control (p<0.05) were determined using 
Fisher’s Exact Binominal Test with Bonferroni Correction to derive the lowest observed effect 
concentration (LOEC) and no observed effect concentration (NOEC).  
Significant differences between the treatment groups and the controls as well as between the 
treatment groups and the corresponding TCC treatment group were determined using student-t test for 
homogeneous variances or one way ANOVA (p <0,05). For biomarker analysis significant differences 
between the treatment groups and controls as well as between treatment groups and the corresponding 
TCC treatment groups were checked with one way ANOVA using either Dunnett’s or Tukey’s as post 
test (p <0,05). Significant differences between the treatment groups and the controls of the activated 
sludge tests, as well as between the BAF of earthworms exposed to TCC via food or soil were 
determined using student-t test for homogeneous variances (two sided, p<0.05). 
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4.4 Results and discussion 
4.4.1 Characterization of TiO2 powders and suspensions 
DLS and ELS measurements of NM 101, NM 102 and NM 100 in the stock suspensions of the 
present study (400 and 1000 mg in 160 mL DI water) revealed that NM 101, NM 102 and NM 100 
formed large agglomerates (HD; 400/1000 mg in 160 mL): 540 ± 11/528 ± 69 nm, 
873 ± 191/1062 ± 20 nm, and 241 ± 4/206 ± 9 nm, ZP: -33 ± 8/not measureable mV, 9 ± 1 mV/ not 
measureable, and -5.5 ± 1 mV/not measureable, (data not shown). Due to too high concentrations in 
the TiO2 stock suspensions with 1000 mg, ZP values were not measureable. According to the criterion 
that particles with ZP value above 30 mV and below -30 mV are electrostatically stabilized at ionic 
strength (IS) below 0.1 M,63 only NM 101 at 400 mg/160 mL formed a stable suspension.  
4.4.2 Earthworm acute toxicity tests (OECD 207) 
Earthworm acute toxicity tests were performed with the single substances TCC, NM 101, NM 102, 
NM 100, and mixtures of TCC and the TiO2 materials. All earthworm acute toxicity tests fulfilled the 
validity criteria of the OECD guideline 207 (<10% mortality of control worms).55 Ti and TCC analysis 
of the soil samples at test initiation show that 87-96% of the nominal TiO2 (Figure A-4) and 105-111% 
of the nominal TCC concentration (Table A-9) were applied to the test soils, confirming that the used 
application methods were appropriate for applying the TiO2 materials and TCC to the test soils. 
a) Earthworm acute toxicity test (OECD 207) – single substances 
In the TCC single substance acute earthworm toxicity test, earthworm mortality was always below 
10% after 7 d of exposure (Figure A-5A). After 14 d of exposure, TCC negatively affected the 
survival of earthworms in a concentration dependent manner, resulting in a 14 d LC10 of 
262 mg/kg dw (Figure 14A, table 2). Furthermore, we found several earthworms showing inactivity in 
a ball, especially in the treatment groups with high TCC concentrations (> 169 mg/kg dw), indicating 
that TCC had a narcotic mode of action. We additionally observed that a decisive number of 
earthworms, although still moving, showed serious damages such as severe surface lesions, mid-
segmental swellings and ulcerated areas after 14 d of exposure, indicating that these organisms would 
die in foreseeable future. When mortality was evaluated after the gut purging phase, most of these 
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damaged worms died and the 15 d LC10 for TCC amounted to 161 mg/kg dw (Figure A-5B, table A-
10). 
Snyder et al. exposed earthworms to TCC in fine sand, which was amended with TCC spiked 
biosolids for four weeks.48 They determined a median effective concentration (EC50) of 40 mg/kg dw 
and found that TCC bioaccumulation was inversely related to the organic matter content of the test 
soil. Considering that the organic matter content of our test soil (9.3 g/kg dw) and their test soil 
(8.6 mg/kg dw) are comparable, we suggest that the difference in toxicity is attributed to a different 
TCC application method. Therefore, we measured the bioaccumulation of 14C-TCC in earthworms 
exposed to 14C-TCC via soil and via food for 14 days and observed a 70% higher BAF (10.3 ± 1.1) for 
earthworms exposed to 14C-TCC via food than for earthworms exposed to the same amount of 14C-
TCC via soil (BAF: 2.8 ± 0.7; Figure 14D). We assume that the higher TCC bioaccumulation was 
caused by the fact that earthworms preferentially consumed the spiked food, indicating that TCC 
uptake is caused to a large part by ingestion. Thus, TCC bioaccumulation in earthworms is influenced 
by the TCC application method. 
No earthworm mortality was observed in all TiO2 controls (1000 mg/kg dw), resulting in a 14 d 
NOEC of ≥ 1000 mg/kg dw (Table 2). Our finding is in line with those of the few studies on the acute 
toxicity of nano-TiO2 to earthworms, stating that nano-TiO2 has no effect on the mortality of 
earthworms up to exposure concentrations of 10 g/kg dw and exposure durations of up to 28 days.10-14 
Additionally, we found that in the TCC alone experiment the earthworm biomass with gut content 
(GC) was significantly reduced with increasing TCC concentration up to 169 mg/kg dw in comparison 
to that of control worms (Figure 14B). However, TCC concentration higher than 169 mg/kg dw did 
not result in a further decrease of biomass with GC and stayed at a constant level of around -15%. In 
contrast to the biomass with GC, no significant differences compared to control worms were 
detectable when the weight of earthworms was based on the biomass without GC (Figure 14B, grey 
squares), measured after a gut purging phase of 24 h. This finding demonstrates that the observed 
biomass change of earthworms exposed to TCC was not attributed to a real reduction of biomass, but 
to a reduction of the gut content of the earthworms by up to 92% (Figure 14C). As mentioned above, 
we observed that earthworms exposed to high TCC concentrations above 169 mg/kg dw showed 
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inactivity in a ball. We suggest that this behavior was caused by a narcotic mode of action of TCC, 
resulting in a reduced feeding behavior and thus in a reduction of the gut content. 
b) Earthworm acute toxicity test (OECD 207) – TCC and nano-TiO2 mixtures 
In the mixture acute toxicity experiments, we exposed E. fetida to different TCC concentrations 
(42.2-675.0 mg/kg dw) combined with a constant TiO2 concentration (1000 mg/kg dw) of the different 
sized TiO2 materials NM 101, NM 102 and NM 100 for 14 d. Mortality of E. fetida exposed to the 
mixtures never exceeded that determined in the TCC single substance test (Figure 14A), indicating 
that synergistic or additive effects did not occur. On the contrary, we observed that mortality in the 
highest TCC treatment group (675 mg/kg dw) was either comparable in the presence of the smallest 
TiO2 material NM 101 (40 ± 10% mortality) or lowered by around 80% (not statistically different) in 
the presence of the larger TiO2 materials NM 102 and NM 100 (6.7 ± 11% mortality) than in the TCC 
single substance test (33 ± 23% mortality, Figure 14A). This influence is reflected by the 14 d lethal 
concentrations (LC) causing 10% effect and NOEC, which can be put in following order: TCC 
(262 mg/kg; 338 mg/kg) and TCC + NM101 (243 mg/kg; 169 mg/kg) < TCC + NM 100 (489 mg/kg; 
≥ 675 mg/kg) < TCC + NM 102 (not calculable; ≥ 675 mg/kg; Table 2). As for the TCC single 
substance test, mortality was additionally evaluated after the gut purging phase. Based on these results, 
the reported difference between the TCC single substance and mixture toxicity test with NM 102 and 
NM 100 were significant and resulted in a 74 and 60% lower mortality (Figure 14A).  
We suggest that either adsorption of TCC to nano-TiO2 or a degradation of TCC by nano-TiO2 was 
responsible for the lower effect of TiO2 on the TCC acute toxicity to E. fetida.  
Reeves et al. reported that reactive oxygen species were generated by nano-TiO2 under dark 
conditions, which were capable of degrading organic substances.64 However, our results do not verify 
the latter hypotheses, because in presence of NM 101, measured TCC soil concentrations at test 
termination (56 d) account for 95-103% of the nominal TCC concentration, indicating that TCC was 
not degraded after a test period of 56 d (Table A-9) by NM 101, although we monitored a lower 
chronic toxicity than in the TCC single substance test. Furthermore, we demonstrated in a former 
study that the tested TiO2 materials did not produce hydroxyl radicals under dark conditions 
(chapter 2). 
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Several substances including metal ions20, 21, 23 and organic substances such as phenanthrene, 
bisphenol A, dichlorovos and benzidine are known to adsorb to nano-TiO2,25-27 thereby forming 
complexes with nano-TiO2. It was demonstrated that when these complexes cannot cross cell 
membranes and no remobilization of the adsorbed substance occurs, the bioavailable fraction of the 
substance is lowered, resulting in lower toxicity.20, 21 Contradictory results are reported on the uptake 
of nano-TiO2 into earthworms. Hu et al. measured an accumulation of nano-TiO2 into earthworms,10 
whereas Lapied et al. reported no accumulation.65 To the best of our knowledge, no study exists that 
investigated the influence of nano-TiO2 on the acute toxicity of organic contaminants to earthworms. 
Zhang et al. and Petersen et al. performed mixture toxicity experiments with a comparable test design 
as ours. They exposed earthworms to sodium pentachlorophenate and pyrene in the presence of 
MWCNT and found that MWCNT lowered the earthworm acute toxicity of sodium 
pentachlorophenate and the bioaccumulation of pyrene to earthworms.30, 31 These results confirm that 
nanomaterials, which have a much higher BET specific surface area (e.g. MWCNT: 74-370 m²/g)66, 67 
than natural soils (1 m²/g)68 can lower the bioavailability of organic contaminants to soil organisms. 
Luo et al. showed that an application level of 10 mg/kg dw nano-TiO2 to sediments increased the BET 
specific surface area of the sediment by around 18%,69 resulting in a higher phosphor binding potential 
of the sediment compared to that of control sediments. Consequently, we suggest that the TiO2 
materials tested in our study increased the TCC binding potential of the test soil and that adsorption of 
TCC to nano-TiO2 occurred. Furthermore, we assume that TCC-nano TiO2 complexes were taken up 
in the gut of earthworms or into the earthworms, but that TCC was not remobilized from the particles 
within the digestive gut fluid or within the cells, resulting in a lower bioavailability and toxicity of 
TCC in the presence of nano-TiO2 to earthworms in our study. Further research is necessary to 
validate this hypotheses, and it is especially important to investigate why the larger particles NM 102 
and NM 100, which have a lower BET specific surface area than NM 101, showed a lowering effect of 
TCC acute toxicity to earthworms, while this was not the case for the smallest particle with the highest 
BET specific surface area (NM 101). In aqueous media, Chen et al. as well as Yang and Xing have 
shown that natural organic matter (NOM) changes the adsorption capability of nano-TiO2 for metal 
ions and organic contaminants such as Cd2+ and polycyclic aromatic hydrocarbons.24, 70 In our study, 
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the tested TiO2 materials may have interacted differently with NOM, resulting in a different adsorption 
behavior of TCC to the TiO2 materials. 
Biomass changes of earthworms exposed to mixtures of TCC and nano-TiO2 were comparable to 
those observed for earthworms exposed to TCC alone (Figure A-6A-C). No biomass changes of 
earthworms exposed to the TiO2 controls (1000 mg/kg dw) were monitored (Figure A-6A-C).  
 
Table 2. 14 d LC10, LC50 and NOEC values (nominal) derived from the earthworm acute toxicity tests with 
TCC and combinations of TCC and NM 101, NM 102 or NM 100. 
Test series  
 
LC10a 
(mg/kg dw) 
95%-CLb 
lower/upper 
(mg/kg dw) 
LC50a 
(mg/kg dw) 
95%-CLb 
lower/upper 
(mg/kg dw) 
NOECc 
(mg/kg dw) 
TCC 262 162/359 1177 746/3432 338 
NM 101 n.c.d n.c. n.c. n.c. ≥ 1000 
NM 102 n.c. n.c. n.c. n.c. ≥ 1000 
NM 100 n.c. n.c. n.c. n.c. ≥ 1000 
TCC + NM 101 243 153/324 967 663/2138 169 
TCC + NM 102  n.c. n.c. n.c. n.c. ≥ 675 
TCC + NM 100   489 237/9807 n.c. n.c. ≥ 675 
a lethal concentration causing 10% or 50% mortality, b 95% confidence limit, c no observed effect 
concentration, d not calculable 
  
Chapter 4 
113 
 
 
Figure 14. Acute earthworm toxicity tests (14 d, A-C) and bioaccumulation experiments (D); (A) Mortality of 
earthworms exposed to the single substances TCC, NM 101, NM 102 or NM 100 and mixtures of TCC and the 
TiO2 materials. (B) Percentage change of biomass compared to control worms of worms exposed to the single 
compound TCC, based either on the biomass with gut content (black squares) or without gut content (gray 
squares). (C) Gut content of worms exposed to the single compounds and mixtures of TCC and TiO2. (D) TCC 
bioaccumulation factors (BAF) for earthworms exposed to the same amount of TCC either via soil (2 mg/kg dw 
soil) or via food (200 mg/kg dw food). Error bars represent standard deviations on the mean of three or four 
replicates of one independently conducted experiment (n=3 or 4). Asterisks/circles indicate significant 
differences to the control or the corresponding TCC treatment group, respectively (p<0.05). 
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4.4.3 Earthworm reproduction test (OECD 222) – Test series I 
We investigated the chronic toxicity of the single compounds TCC and NM 101, as well as that of 
mixtures of both to the earthworm E. fetida in the laboratories of ibacon GmbH (test series I). 
Furthermore, we conducted an additional test series at the RWTH Aachen University (test series II) 
including another chronic earthworm single substance test with TCC and mixture toxicity tests with 
TCC and the TiO2 materials NM 102 and NM 100. In the following the results of the test series I will 
be explained, those of test series II are discussed in section 4.4.4. 
Tests of test series I fulfilled the validity criteria of the OECD guideline 222 (below 10% mortality 
of control worms, reproduction of control worms above 30 juveniles per 10 worms, coefficient of 
variation of reproduction (CV) of the controls below 30%; Table 3). Although, we observed a slightly 
higher CV value for the controls of the mixture test series with 1000 mg NM 101/kg dw (CV 31.4%,; 
Table 3), we considered this test as valid, because values only differed to a minor extent from the 
validity criteria.  
a) Earthworm reproduction test (OECD 222) – single substances 
The chronic single substance test with TCC (test series I) revealed that TCC significantly reduced 
the reproduction of E. fetida in a concentration dependent manner, resulting in an EC50 of 
243 mg/kg dw (Figure 15, table 3). 
Ahn et al. suggests that TCC exhibits a new mechanism of action of endocrine-disrupting 
chemicals.52 They found that TCC alone exhibits little or no activity toward steroid hormone receptors 
but amplifies transcriptional activity of steroid sex hormones in the estrogen and androgen receptors in 
human cell lines. Chung et al. observed that in fish embryos TCC itself stimulated aromatase AroB 
expression only slightly,71 but TCC strongly enhanced the over expression of AroB induced by 
estrogen and suppressed the AroB over expression induced by bisphenol-A. These findings indicate 
that TCC may have effects on the reproduction of organisms. Snyder et al. claimed the importance of 
investigating the chronic earthworm toxicity of TCC.48 However, to the best of our knowledge our 
study is the first one examining the chronic toxicity of TCC to earthworms.  
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Reproduction of the TiO2 controls (400 and 1000 mg/kg; 112 ± 17% and 105 ± 28%) did not 
significantly differ from the reproduction of the corresponding controls, resulting in NOEC values of 
≥ 1000 mg/kg dw.  
Several studies have already investigated the chronic toxicity of nano-TiO2 to earthworms.11, 12, 15 
However, results are contradictory: Heckmann et al. performed a limit test (1 g/kg) with nano-TiO2 
(P25, 24 nm, 73% anatase and 27% rutile) and determined significant effects on reproduction 
compared to that of control worms.11 In contrast, McShane et al. did not observe any effects of 
different sized TiO2 materials (5, 10 and 21 nm) including P25 on the reproduction of E. fetida and 
E. andrei up to concentrations of 10 g/kg.12 In contrast, Schlich et al. observed a significant 
stimulation of reproduction (39%-first winter, 9% second winter) for earthworms exposed to P25 
concentration of ≥ 50 mg/kg dw in winter. This was not the case when earthworms were exposed to 
the same material in summer.15 It was assumed that the nanomaterial interrupted the circadian rhythm 
of the earthworms. Other materials tested in this study, such as NM 101 (Hombikat UV 100, 7-10 nm, 
100% anatase) did not show a reproducible stimulation of reproduction during winter. 
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b) Earthworm reproduction test (OECD 222) – TCC and nano-TiO2 mixtures 
In the chronic mixture experiments of the test series I, we observed negative concentration response 
relationships between the TCC concentration and the reproduction of E. fetida (Figure 15). The 
negative effect on the reproduction of E. fetida exposed to mixtures of TCC and NM 101 was not 
enhanced compared to that of the TCC single substance treatment groups, indicating that no 
synergistic or additive effects occurred. On the contrary, we found that in the presence of NM 101 the 
effect of TCC on the reproduction of E. fetida was lowered. Especially in treatment groups of the 
mixture test series with TCC concentrations below 337 mg/kg dw, these differences were significant 
(Figure 15). EC50 and LOEC values showed the following order: TCC alone (243/84 mg TCC/kg dw) 
> TCC + 400 mg NM 101/kg dw (308/168 mg/kg dw) > TCC + 1000 mg NM 101/kg dw 
(384/338 mg/kg dw, table 3), indicating that the lowering effect of NM 101 was more pronounced the 
higher the NM 101 application level was.  
As discussed for the acute toxicity tests, we suggest that adsorption of TCC to NM 101 occurred, 
resulting in a lower bioavailability and thus chronic toxicity of TCC to earthworms. Compared to the 
acute mixture toxicity test, NM 101 lowered the chronic toxicity of TCC to E. fetida. Hence, we 
assume that adsorption of TCC to NM 101 in the test soil might be time dependent. 
Table 3. 56 d EC50 and LOEC values (nominal) derived from the earthworm reproduction tests with TCC and 
combinations of TCC and NM 101 as well as coefficients of variation (CV) of the reproduction of controls 
(0 mg TiO2/kg) and TiO2 controls (400 or 1000 mg TiO2/kg). 
Test series  
(TiO2 mg/kg dw) 
 
EC50a  
(mg/kg dw) 
95%-CLb 
lower/upper 
(mg/kg dw) 
LOECc  
(mg/kg dw) 
CV  
control 
 (%) 
CV  
TiO2 control 
(%) 
TCC (0) 243 185/325 84 17.4 - 
NM 101  n.c.d n.c. > 1000 - - 
TCC + NM 101 (400) 308 101/1213 169 13.0 14.8 
TCC + NM 101 (1000)  384 251/708 338 31.4 26.1 
a median effective concentration, b 95% confidence limit, c lowest observed effect concentration, d not 
calculable  
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Figure 15. Earthworm reproduction test; Offspring of earthworms exposed to the single substances TCC and 
NM 101, as well as mixtures of both compared to that of the corresponding control worms. TiO2 application 
level: 0 (black), 400 (grey) and 1000 mg/kg dw (black). Error bars represent standard deviations on the mean of 
four replicates of one independently conducted experiment (n=4). Asterisks and circles indicate significant 
differences to the control or corresponding TCC treatment group, respectively (p<0.05). 
4.4.4 Earthworm reproduction test (OECD 207) – Test series II 
For most of the controls of the tests of test series II (n=8) the coefficients of variation (CV), 
describing the variability of the reproduction, were higher (CV 32.8-39.3%; Table 4) than requested 
by the OECD guideline 222 (≤ 30%). Only controls of the mixture test series with 
1000 mg NM 102/kg fulfilled this criterion (CV 9.4%). But, CVs of the different TiO2 controls (TiO2 
without TCC) (n=4) were below 30% (Table 4), supporting the accuracy of our data. No mortality 
greater than 10% was detected in all tests of test series II after 56 d of exposure. 
a) Earthworm reproduction test (OECD 222) – single substances 
In the TCC single substance test of test series II, TCC significantly reduced the reproduction of 
E. fetida in a concentration dependent manner, resulting in an EC50 of 956 mg/kg dw (Figure 16A and 
B, table 4). Compared to the TCC single substance test of test series I (EC50 243 mg/kg dw; table 3), 
TCC toxicity determined in test series II was lower. 
This discrepancy may be due to variations in illumination of the exposure vessels. In test series I, 
lamps were placed above the test vessels and in test series II, lamps were placed in the door of the 
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incubator which was vertically located to the test vessels, resulting in a lower illumination of the test 
vessels of test series II. Earthworms usually avoid strong illumination. Hence, earthworms of test 
series II might have spent more time in the uncontaminated food on the soil surface, resulting in a 
lower TCC accumulation and thus toxicity. However, both test series show an effect of TCC on the 
reproduction of the earthworms and in each test series a TCC single substance test was run. Therefore, 
the mixture tests of each test series can be compared to the corresponding TCC single substance test. 
But, mixture toxicity tests with NM 101 will not be compared to those with NM 102 or NM 100. 
Hence, no statements on the influence of particle size of TiO2 materials on the chronic toxicity of TCC 
are possible. 
As for NM 101, the reproduction of the TiO2 controls of NM 102 and NM 100 (400 and 
1000 mg/kg) did not significantly alter from the reproduction of the specific controls, resulting in 
NOEC values of ≥ 1000 mg/kg dw (Figure 16A and B, Table 4). 
b) Earthworm reproduction test (OECD 222) – TCC and nano-TiO2 mixtures 
In the mixture toxicity tests of test series II, significant differences between the TCC single 
substance test and the mixture tests were only observed for the tests with TCC and 400 mg/kg 
NM 102, showing a higher reproduction in presence of NM 102 than in the TCC single substance 
treatment groups. For the other test series, no significant differences were observed (Figure 16A and 
B). Furthermore, the 95% confidence limits (CL) indicate for the mixture test series with 
1000 mg TiO2/kg that their EC50 values are not different to that of the test series with TCC alone 
(Table 4). In conclusion, the presence of NM 102 and NM 100 either lowered or did not influence the 
chronic toxicity of TCC in test series II to E. fetida.  
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Figure 16. Earthworm reproduction test; Offspring of earthworms exposed to the single substances TCC, 
NM 102 and NM 100, as well as mixtures of TCC and the TiO2 materials compared to that of the corresponding 
control worms. TiO2 application level: 0 (black), 400 (grey) and 1000 mg/kg dw (black). Error bars represent 
standard deviations on the mean of four replicates of one independently conducted experiment (n=4). Asterisks 
and circles indicate a significant difference to the control or corresponding TCC treatment group, respectively 
(p<0.05). 
Table 4. 56 d EC50 and LOEC values (nominal) derived from the earthworm reproduction tests with TCC and 
combinations of TCC and NM 102 or NM 100 as well as coefficients of variation (CV) of the reproduction of 
controls (0 mg TiO2/kg) and TiO2 controls (400 or 1000 mg TiO2/kg). 
Test series  
(TiO2 mg/kg dw) 
 
EC50a  
(mg/kg dw) 
95%-CLb 
lower/upper 
(mg/kg dw) 
LOECc  
(mg/kg dw) 
CV  
control 
 (%) 
CV  
TiO2 control 
(%) 
TCC (0) 956 838/1176 675 35.3 - 
NM 102 n.c. d n.c. > 1000 - - 
NM 100 n.c. n.c. > 1000 - - 
TCC + NM 102 (400) n.c.  n.c. > 675 39.3 24.2 
TCC + NM 102 (1000)  692 436/8296 338 9.4 11.4 
TCC + NM 100 (400) n.c. n.c. > 675 32.8 21.9 
TCC + NM 100 (1000)  494 355/849 675 38.2 29.0 
a median effective concentration, b 95% confidence limit, c lowest observed effect concentration, d not 
calculable 
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c) Antioxidant enzymes and apoptotic measurements – Test series II 
We investigated whether earthworms exposed to TCC and the nanomaterial NM 102 alone, as well 
as to mixtures of both after 56 d of exposure in test series II, experienced oxidative stress measured by 
biomarkers of oxidative stress, including the antioxidant enzymes CAT and GST, as well as the MDA 
content. Both enzymes act to reduce adverse effects of ROS and their products in cells. GST is 
involved in the phase II metabolism of xenobiotics, where it conjugates glutathione to electrophilic 
substances, such as degradation products of lipid peroxides. CAT decomposes H2O2 to H2O and O2.72, 
73
 MDA is an indicator of lipid peroxidation contents, which are formed by the peroxidation of 
membrane lipids by ROS.10, 74, 75 Apoptosis, which can be caused by oxidative stress,76 was identified 
as a sensitive endpoint for the toxicity of nanoparticles in earthworms.65 Therefore, we measured 
apoptosis by immunohistochemistry. 
GST and CAT activities as well as the MDA contents of worms exposed to the single substances, as 
well as mixtures were not significantly different to that of control worms, except for earthworms 
exposed to a TCC application level of 337.5 mg/kg dw in the TCC single substance test (35% 
reduction of CAT activity) and 168 mg/kg dw in the mixture toxicity test with TCC and NM 102 (32% 
reduction of GST activity; Figure 17A-C). 
However, TCC significantly lowered the reproduction of E. fetida exposed to 675 mg/kg dw 
(Figure 16). Thus, the used biomarkers cannot be used as early warning indices of exposures to TCC. 
We conclude that TCC and TCS, which was shown to alter GST and CAT activity, have a different 
mode of action.53 Ricketts et al. demonstrated that exposure of E. fetida to heavy metals resulted in a 
lower cocoon production as well as to a reduction of the expression of the neuropeptide annetocin.77 
This study encourages the use of annetocin as a new biomarker for substances disrupting reproduction 
and might be a more suitable biomarker for TCC exposures. 
Our study shows that earthworms exposed to NM 102 did not experience oxidative stress. In 
contrast to our study, Hu et al. found that at an application level of 1000 mg/kg dw and 
5000 mg/kg dw nano-TiO2 (10-20 nm, 100% rutile), the CAT activity and MDA content of the 
exposed earthworms were significantly enhanced,10 indicating that earthworms experienced oxidative 
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stress. These different findings might be attributed to differences in the tested TiO2 materials, such as 
crystal phase and size. 
Mixture experiments show, that the presence of NM 102 has no influence on the effect of TCC on 
the antioxidant enzymes and MDA content of E. fetida. 
For the apoptosis experiment, epidermis, muscle as well as gut cells were chosen for evaluation of 
negative and positive apoptotic responses in cells (Figure 19A and B, figure 20A-F). These 
measurements revealed no significant differences between the number of apoptotic cells in all 
examined earthworms tissues of earthworms exposed to untreated soil and the single substances TCC 
and NM 102 or mixtures of both (Figure 17A and B). In contrast to our study, Bigorgne et al. and 
Lapied et al. found that TiO2 byproducts enhanced the number of apoptotic cells in earthworm 
tissues.65, 78 Braydich-Stolle et al. found that depending on the crystal phase of nano-TiO2 either 
necrosis (anatase) or apoptosis (rutile) was induced in the exposed organism.79 Lapied et al. tested a 
rutile nano-TiO2 material and we tested an anatase TiO2 material.65 Thus, differences in crystal phase 
may explain why no apoptosis was determined in our study compared to their study. 
In conclusion, the used biomarkers show that earthworms exposed to TCC, NM 102 and mixtures of 
both did not experience oxidative stress after exposure for 28 d. 
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Figure 17. Biomarkers; glutathione S-transferase (GST, A), catalase (CAT, B) activity and malondialdehyde 
(MDA, C) content in homogenates of worms exposed to TCC (black bars) and mixtures of TCC and NM 102 
(grey bars) for 28 days. Control and TiO2 control groups were analyzed in parallel to the treatment groups. Error 
bars represent standard deviations on the mean of three replicates of one independently conducted experiment. 
Asterisks and circles represent statistical significant differences to the control and the corresponding TCC 
treatment group (p<0.05). 
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Figure 18. Apoptotic cells per nm2 in epidermis, muscle, and gut epithelium cells counted after Apostain method 
in tissue sections of worm exposed to spiked and unspiked soil for 28 d in reproduction tests with TCC (A) and 
mixtures of TCC and NM 102 (1000 mg/kg dw) (B). Control and TiO2 control groups were handled in parallel to 
the treatment groups. Error bars represent standard deviations on the mean of three replicates of one 
independently conducted experiment (n=3).  
A B 
Figure 19. Tissue sections of Eisenia fetida, stained with the azan method. Control worms (A), worms exposed 
to a mixture of 625 mg TCC/ kg dw soil and 1000 mg NM 102/kg dw soil (B). 
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Figure 20. Epidermis (A, B), muscle (longitudinal (lengthwise) and circular (ring-shaped) muscles (C, D)) and 
gut epithelium cells (E, F) with non apoptotic (blue nuclei) and apoptotic cells (brown nuclei) stained with 
Apostain method. A, C, E 400x magnification, B, D, F 1000x magnification. Arrows indicate negative (N) and 
positive (P) apoptotic responses in stained cells. 
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4.4.5 Activated sludge respiration inhibition test (OECD 209) 
In the activated sludge respiration tests, we investigated the toxicity of the single compounds TCC, 
3,5-DCP, and the different TiO2 materials NM 101, NM 102, and NM 100 to activated sludge. 
Furthermore, we tested the toxicity of mixtures of TCC and the TiO2 materials as well as mixtures of 
3,5-DCP and the different TiO2 materials. 
Except for the NM 102, test all experiments fulfilled the validity criteria of the OECD guideline 209 
(mean control respiration rate of 20 mg O2*g dw-1*h-1 and a CV of ≤ 30% of the mean control 
respiration rate). Because the CV of the mean respiration rate of the controls of the NM 102 test 
(8.4%) was within the given range and the mean respiration rate of the controls was only slightly 
lower (18.5%) than requested in the OECD guideline, the test was deemed as valid.  
a) Activated sludge respiration inhibition test (OECD 209) - single substances 
The activated sludge respiration tests with the single compound TCC showed that TCC did not 
affect the respiration rate, resulting in a NOEC of ≥ 1000 mg/L (data not shown).  
To the best of our knowledge, our study is the first study investigating the toxicity of TCC to 
activated sludge. Neumegen et al. tested the effect of TCS, which has a comparable chemical structure 
as TCC, on activated sludge microorganisms by using a biochemical oxygen demand test (5 d) and 
observed an EC50 in the mg/L range (EC50 1.82 mg/L).80 A study of Lawrence et al. observed the 
effect of low levels of TCC (10 µg/L) on river biofilm communities and found that the used TCC 
levels altered the community composition, algal biomass, architecture and activity of those after a test 
period of 8 weeks.49 
All single substance tests with the different sized TiO2 materials, except for the NM 102 test, 
revealed that the tested TiO2 materials did not affect the respiration rate of the activated sludge by 
more than ± 13% (not significant; Figure 21A). The respiration rate of the lowest (10 mg/L) and 
highest NM 102 treatment group (1000 mg/L) was significantly higher (almost 20%) than the mean 
control respiration rate. This finding is not confirmed by the two other tests in which we repeatedly 
tested NM 102 with an application level of 100 mg/L (Figure 21B and C). Thus, we conclude that 
NM 102 was also not toxic to activated sludge after an exposure duration of 3 h. 
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In a study with an anaerobic (low dissolved oxygen) sequencing batch reactor in which activated 
sludge was exposed to TiO2 (50 mg/L) either under acute (24 h) or chronic conditions (70 d) it was 
discovered that nano-TiO2 had no effects on the nitrogen and phosphorus removal efficiency after 24 h 
of exposure.81 However, exposure durations of 70 d resulted in a 60% lower nitrogen removal 
efficiency compared to the controls. Long term effects of nano-TiO2 on microorganisms, as a reduced 
microbial biomass and a reduced bacterial diversity were also observed in a study of Ge et al. in which 
the influence of nano-TiO2 (0-2 mg/kg grassland soil; 15-20 nm, 81% anatase and 19% rutile) on soil 
microbial communities was investigated.82 Hence, these studies demonstrate that effects of nano-TiO2 
on microorganisms in environmental complex media as soil and sewage sludge seem to occur mainly 
after an exposure period of several weeks. This may explain why no effects of the TiO2 materials on 
the activated sludge were observed after an exposure period of 3 h in the present study.  
b) Activated sludge respiration inhibition test (OECD 209) – TCC; 3,5-DCP and nano-
TiO2 mixtures 
The mixture experiments revealed that in compliance with the single substance tests of the different 
sized TiO2 materials and TCC, mixtures of both did also not induce toxic effects on activated sludge 
microorganisms (Figure 21B). Furthermore, the toxicity of the reference compound 3,5-DCP towards 
the respiration rate of activated sludge was not altered in the presence of the TiO2 materials 
(Figure 21C). Interaction of the organic compounds with the TiO2 material is a prerequisite for the 
occurrence of mixture effects. Considering that this is probably a time dependent process, it may be 
assumed that the used test period was too short to observe potential mixture toxicity. This highlights 
the need for performing mixture experiments under prolonged exposure periods. 
In conclusion, TCC and all TiO2 materials did not affect the respiration rate of activated sludge. 
Furthermore, all tested TiO2 materials did not change the extent of toxicity of an organic substance 
found to be non toxic to activated sludge (TCC) and an organic substance known to be toxic to 
activated sludge (3,5-DCP). 
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Figure 21. Activated sludge respiration test. Inhibition of the respiration rate compared to control groups of 
sludge exposed to the TiO2 materials (NM) NM 101, NM 102, NM 100 (10-1000 mg/L; A) and to mixtures of 
TCC and the TiO2 materials (B), as well as to mixtures of 3,5 DCP and the TiO2 materials (C) . Error bars 
represent standard deviations on the mean of three replicates of one independently conducted experiment. 
Asterisks indicate a significant difference to the controls (p<0.05). 
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4.4.6 Environmental relevance of TCC, nano-TiO2, and mixtures of both 
In the environment, TCC soil concentrations between 1.24-1584 µg/kg dw were measured in soil 
samples collected one or two years after TCC containing biosolids (34.9-92.8 mg/kg dw) had been 
amended to these test soils.39, 42 Compared to the acute (14 d LOEC: 675 mg/kg dw) and chronic TCC 
earthworm toxicity (56 d LOEC: 84 mg/kg dw) determined in our study, TCC does not pose a risk to 
earthworms in the environment. However, we found that the BAF of TCC was four times higher when 
worms were exposed to TCC via food than via soil (Figure 14D). Considering that in nature, exposure 
of TCC via food e.g. sludge is more relevant than via soil, it has to be clarified, whether TCC exposure 
via food (e.g. sludge) leads to a more pronounced chronic toxicity of TCC to E. fetida than exposure 
via soil. 
Typical TCC biosolid concentrations range from 0.23-80 mg/kg.33-41 We determined a TCC NOEC 
value of ≥ 1000 mg/L for activated sludge, demonstrating that TCC does not pose a risk to the 
microorganisms of activated sludge in the environment when exposed for a short time. 
Gottschalk et al. modeled a nano-TiO2 sludge concentration of 136 mg/kg dw and an annual 
increase of the nano-TiO2 concentration in sludge amended soils of 89.2 µg/kg dw. In our study, we 
determined NOEC values for the acute and chronic toxicity of nano-TiO2 to earthworms and acute 
toxicity to activated sludge as ≥ 1000 mg/kg dw and ≥ 1000 mg/L. Considering, that it would take 
around 10.000 years to reach a TiO2 soil concentration of 1000 mg/kg dw, it can be concluded that 
nano-TiO2 does not pose a risk to earthworms and microorganisms of activated sludge in the 
environment. 
Our study shows that in the presence of nano-TiO2, the toxicity of TCC to earthworms and activated 
sludge was either not influenced or lowered, indicating that nano-TiO2 does not enhance the risk of 
TCC for earthworms or microorganisms of activated sludge.  
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5.1 General Discussion 
In the present study, titanium dioxide materials were tested with standard OECD (Organisation for 
Economic Co-operation and Development) tests. Furthermore, we investigated whether relevant 
exposure scenarios, including tests with simulated solar radiation (SSR) and the performance of 
mixture toxicity tests, had an influence on the outcome of ecotoxicity tests with nano-TiO2. In 
addition, different sized TiO2 nanomaterials (NM 101 primary particle size (PPS): 7-10 nm, NM 102 
PPS 20-25 nm) and a non-nano sized reference material (NM 100 PPS: 200-220 nm) were tested to 
observe whether the potential effects were size dependent or only relevant for the nano sized materials. 
Triclocarban (TCC), an antimicrobial agent, which is, as nano-TiO2, used in personal care products 
(PCP) and thus has the same entry pathway into the environment, was chosen as organic co-
contaminant in the present study.  
Standard OECD tests with daphnids, fish embryos, earthworms and activated sludge, which were 
performed under laboratory light or darkness, revealed that nano-TiO2 had either no effect or induced 
effects at environmentally irrelevant concentrations only. Except for NM 101 (no observed effect 
concentration (NOEC) 18.5 mg/L) in the Daphnia sp. acute immobilisation test, the determined NOEC 
values were ≥ 50 mg/L. Table 5 summarizes the determined NOEC values. 
Considering estimated TiO2 nanomaterial concentrations in surface water (3 ng/L-1.6 µg/L) and 
activated sludge (136 mg/kg dw) as well as an annual increase rate of nano-TiO2 soil concentrations of 
89 ∆µg kg-1 y-1,1 nano-TiO2 will most likely not pose a risk to daphnids, fish, earthworms and 
microorganisms of activated sludge in the environment according to the performed standard 
ecotoxicity tests (OECD). 
When mixture toxicity of nano-TiO2 and TCC was considered in ecotoxicity tests, we found no 
synergistic or additive effects in presence of nano-TiO2. In contrast, nano-TiO2 either did not 
influence, or significantly lowered the effect of TCC to daphnids, fish, earthworms (acute and 
chronic), and activated sludge in comparison to the corresponding TCC alone treatment group 
(chapter 3 and 4). In the earthworm reproduction test, we confirmed that degradation of TCC by nano-
TiO2 (NM 101) was not responsible for the lower effect of TCC in the mixture compared to the TCC 
Chapter 5 
138 
alone test (chapter 4). Nano-TiO2 is known to adsorb metal ions2-4 and organic substances such as 
phenanthrene, bisphenol A, dichlorovos and benzidine.5-7 Therefore, we assume that in our study, TCC 
adsorbed to nano-TiO2, resulting in a reduced bioavailability and toxicity of TCC to the exposed 
organisms.  
Although our study demonstrates that nano-TiO2 did not enhance the risk of TCC to activated 
sludge, aquatic and terrestrial organisms, our results indicate that nano-TiO2 and organic contaminants 
can potentially interact in the environment. Taking into account that remobilization of other co-
contaminants than TCC from nano-TiO2 might occur within organisms, nano-TiO2 might enhance the 
environmental risk of other organic co-contaminants. Thus, we recommend to consider mixture 
toxicity of nano-TiO2 and organic co-contaminants in the environmental risk assessment of nano-TiO2. 
When solar radiation was considered in the Daphnia sp. acute immobilisation test (OECD 202),8 
phototoxic effects of nano sized (NM 101 and NM 102) as well as non-nano sized (NM 100) TiO2 
materials were induced (chapter 2). Considering the determined EC50approx values (EC50approx NM 102, 
NM 101, and NM 100: 0.05, 0.13 and 0.39 mg/L), which are based on the measured TiO2 
concentration in the upper water layer, representing a worst case scenario, and which were in the µg/L 
range, nano-TiO2 might pose a risk to the environment since the estimated environmental 
concentrations are in the low ng/L- µg/L range as well.1, 9 However, nano-TiO2 phototoxicity was 
shown to depend on the ultra violet radiation (UV) dosage,10, 11 which is altered by the natural organic 
matter (NOM) content in natural waters.12, 13 Therefore, it is necessary to consider the environmental 
conditions to obtain a complete risk assessment of TiO2 materials.10 
When solar radiation was considered in the fish embryo acute toxicity test (OECD 236),14 no photo 
enhanced toxicity of the TiO2 materials was determined. We assume that D. rerio embryos might be 
less susceptible to nano-TiO2 under SSR than D. magna because the embryonic chorion might act as a 
protective barrier for nano-TiO2 and the generated •OH radicals (chapter 3). 
Finally, we showed that standard Daphnia sp. acute immobilisation tests are not able to adequately 
detect toxicity associated with nano and non-nano-scale TiO2 materials. Neglecting the influence of 
sunlight results in an underestimation of the risk associated with these substances. Therefore, we 
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propose to include solar radiation in standardized OECD guidelines used for testing photoactive 
chemicals and nanomaterials. 
One further focus of our study was to investigate whether potential effects of the tested TiO2 
materials are dependent on particle size or even more on nano specific characteristics. As the tested 
TiO2 materials only exhibited toxic effect in the Daphnia sp. acute immobilisation test with SSR, 
statements on this question can be only made for this test system: SSR induced not only the toxicity of 
the TiO2 nanomaterials NM 101 and NM 102 but also of the non nano reference NM 100, and was 
highest for the intermediate sized TiO2 material NM 102 (chapter 2). Consequently, the results of our 
study indicate that phototoxicity was not related to nanomaterial specific characteristics but was 
triggered by further TiO2 material specific characteristics, such as photoactivity. •OH radical 
measurements by electron paramagnetic resonance (EPR) and the terephthalic acid (TA) fluorescence 
method revealed that phototoxicity could not be linked to the free •OH radical formation rate 
measured by the TA method, but to the total hydroxyl radical formation rate comprising free and 
surface adsorbed hydroxyl radicals measured by EPR. Photoactivity measured by the latter method 
was highest for the intermediate sized TiO2 material NM 102, showing also the highest phototoxicity. 
This finding is in line with that of Almquist and Biswas et al., showing that photoactivity of anatase 
TiO2 materials has an optimum at an intermediate particle size of 25 nm.15 Thus, we showed that 
phototoxicity, although not inversely correlated, depended on particle size. Consequently, our study 
supports the claim to the importance of testing nano and bulk forms of TiO2 separately in the context 
of REACH. We point out the necessity for screening nanomaterials for their reactive oxygen species 
(ROS) formation potential and recommend the EPR method for this, which was shown to be a good 
indicator of phototoxicity of TiO2 nanomaterials to D. magna. In case nanomaterials are identified to 
exert photoactivity, we recommend performing ecotoxicity tests with solar radiation when such 
exposure is relevant for the tested ecosystem. This finding may also be relevant for the testing of other 
nanomaterials.  
Besides studying the significance of considering particle size and relevant exposure scenarios in the 
environmental hazard assessment of TiO2 nanomaterials, our study aimed to fill further research gaps. 
These concerned the TCC toxicity to earthworms (reproduction/oxidative stress), the potential 
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phototoxicity of TCC to daphnids and fish, the influence of environmental factors such as solar 
radiation on the aquatic mixture toxicity of TiO2 nanomaterials and TCC, and the appropriateness of 
the test medium recommended in the Daphnia sp. acute immobilisation test (OECD 202)8 for the 
testing of nanomaterials.  
To investigate the latter, we performed Daphnia sp. acute immobilisation tests of nano-TiO2 
(NM 101 and NM 102) with ISO medium (ionic strength (IS), 8635 µM) and 10-fold diluted ISO 
medium (IS 863 µM). We observed that nanomaterial toxicity, especially for NM 102, was more 
pronounced in the diluted ISO medium (EC50 0.5 mg/L) than in the ISO medium (EC50 1.1 mg/L). 
We suggest that - in line with the Derjaguin, Landau, Verwey, Overbeek (DLVO) theory - the lower 
ionic strength in the diluted ISO medium resulted in a lesser extent of agglomeration of the particles in 
the diluted ISO than in the ISO medium and therefore in a higher bioavailability/interaction of the 
particles for/with the exposed daphnids and consequently to a higher toxicity (chapter 2).  
Hence, our results confirm that 10-fold diluted ISO medium may be regarded as a more appropriate 
medium for testing nanomaterials, in order to represent natural waters which have a lower ionic 
strength than ISO medium. 
Consideration of solar radiation in the Daphnia sp. acute immobilisation and fish embryo acute 
toxicity tests with TCC revealed that solar radiation enhanced the toxicity of TCC to daphnids by a 
factor of 3 to 4 in comparison to laboratory light and dark conditions. This was not the case when solar 
radiation was considered in the fish embryo acute toxicity tests with TCC. We suggest that photo 
enhanced toxicity of TCC to daphnids is caused by the mixture toxicity of generated intermediates of 
TCC. Fish embryos might be less susceptible to the mixture of formed intermediates of TCC in 
comparison to D. magna (chapter 3).  
As for nano-TiO2, we showed that standard Daphnia sp. acute immobilisation tests are not able to 
adequately detect toxicity associated with TCC. Neglecting the influence of sunlight results in an 
underestimation of the risk associated with TCC. Therefore, solar radiation has to be included in the 
environmental hazard assessment of TCC. In comparison to the Daphnia sp. acute immobilisation 
test,8 the fish embryo acute toxicity test14 turned out to be less susceptible to determine the 
phototoxicity of TCC.  
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When solar radiation was considered in the fish embryo acute mixture test, TCC toxicity was 
lowered only by 53%, compared to a reduction of 78% under dark conditions. We suggest that this is 
caused by a perforation of the chorion by ROS generated by nano-TiO2 under solar radiation, resulting 
in an enhanced permeability and bioavailability and thus toxicity of TCC for fish embryos. 
Consequently, we demonstrated that the interaction of nano-TiO2 and organic co-contaminants can 
be influenced by environmental factors such as solar radiation (chapter 3). 
Our study is, to the best of our knowledge, the first study providing evidence that TCC inhibits the 
reproduction of earthworms (Median effective concentration (EC50): 243 mg/kg dw). Considering a 
TCC soil concentration of 24-1584 µg/kg dw,16, 17 the chronic TCC earthworm toxicity (56 d lowest 
observed effect concentration (LOEC): 84 mg/kg dw) determined in our study demonstrates that TCC 
does not pose a risk to earthworms in the environment under the tested conditions. However, we found 
that the bioaccumulation factor (BAF) of TCC was four times higher when worms were exposed to 
TCC via food than via soil. Taking into account that in nature an exposure of TCC via food e.g. sludge 
is more relevant than via soil, it has to be clarified, whether a TCC exposure via food (e.g. sludge) 
leads to a more pronounced chronic toxicity of TCC to E. fetida than an exposure via soil (chapter 4). 
Measurements of biomarkers of oxidative stress within earthworms exposed to TCC, NM 102 and 
mixtures of both reveal that the single substances as well as mixtures did not induce oxidative stress 
within earthworms. We suggest that earthworm toxicity of TCC, in contrast to the structurally related 
compound triclosan (TCS), is due to another mode of action (chapter 4).  
Table 5. NOEC values determined in OECD tests (laboratory light) with NM 101, NM 102 and NM 100. 
Guideline Organism Endpoint (mg/L) NOEC (mg/L) 
OECD 202  Daphnia magna mobility (48 h) ≥ 50a 
OECD 236 Danio rerio mortality (96 h) ≥ 100 
OECD 207 
OECD 222 
Eisenia fetida mortality (14 d) 
reproduction (56 d) 
≥ 1000 
≥ 1000 
OECD 209 Activated sludge respiration rate (3 h) ≥ 1000 
a
 except for NM 101 (NOEC 18.5 mg/L) 
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5.2 General Conclusion 
We showed that in contrast to Daphnia sp. acute immobilisation tests in which solar radiation was 
considered, standard tests were not able to adequately detect toxicity associated with ingredients of 
PCP, such as nano and non-nano scale TiO2 materials, as well as TCC. Neglecting the influence of 
sunlight in ecotoxicity tests results in an underestimation of the environmental risk associated with 
TiO2 materials and TCC to daphnids in the aquatic environment. We suggest to test the ROS formation 
potential, e.g. by means of EPR also for other nanomaterials before conducting ecotoxicity tests. 
Additionally, we propose to develop guidance for including solar radiation in standardized OECD 
guidelines used for testing photoactive chemicals and nanomaterials. Furthermore, phototoxicity of 
TiO2 materials to D. magna was shown to depend on particle size. Thus, our study supports 
the claim to the importance of testing nano and bulk forms of TiO2 separately in the context of 
REACH. 
Simultaneous exposure of nano-TiO2 and TCC did not enhance the environmental risk of TCC. On 
the contrary, TCC toxicity was either not influenced or lowered in all test systems used. We suggest 
that toxicity was reduced because TCC adsorbed to nano-TiO2, lowering the bioavailability and 
toxicity of TCC. Due to this interaction, we conclude that it is important to consider mixture toxicity 
of nanomaterials and co-contaminants in the environmental risk assessment of nano-TiO2, because 
other organic co-contaminants might be remobilized within the environment or within organisms, 
raising the potential to enhance the risk of the specific co-contaminant. Mixture toxicity experiments 
under solar radiation revealed that the interaction of nano-TiO2 and organic co-contaminants can be 
influenced by environmental factors such as solar radiation. 
Our results confirm that 10-fold diluted ISO medium may be regarded as a more appropriate 
medium than ISO medium for testing nanomaterials in the Daphnia sp. acute immobilisation test, in 
order to represent natural waters which have a lower ionic strength than ISO medium. 
We showed that TCC negatively affected the reproduction of earthworms at environmentally 
irrelevant concentrations with an exposure duration of 56 days. However, we provided evidence that 
TCC uptake via food results in a more pronounced uptake of TCC than via soil exposure. For an 
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adequate risk assessment, it has to be clarified, whether TCC exposure via food (e.g. sludge) leads to a 
more pronounced chronic toxicity of TCC to E. fetida than exposure via soil.  
Measurements of oxidative stress revealed that chronic TCC earthworm toxicity was not related to 
oxidative stress and that co-exposure to nano-TiO2, as well as nano-TiO2 itself also did not induce 
oxidative stress within earthworms.  
Summing up, this study shows that it is necessary to establish relevant exposure scenarios in order 
to assess the environmental risks of nano scale and non-nano scale TiO2 materials and TCC. 
Furthermore, primary particle size of TiO2 materials has to be considered in future regulations 
concerning nanomaterials to ensure their safe use.  
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5.3 General Outlook 
As described in chapter 2 one of the main outcomes of our study is the requirement to perform 
ecotoxicity tests in the presence of simulated solar radiation and to develop guidance for including 
solar radiation in standard guidelines (like OECD guidelines). Factors that have to be considered are: 
differences in the irradiation source (intensity, spectrum), irradiation duration, age of test organisms, 
and exposure conditions (water removal, test medium). 
Regarding the D. magna tests, further research is necessary to evaluate whether the documented 
toxicity is dependent on the TiO2 concentration at the bottom layer or on the overlaying water 
concentration. These results would give advice on which concentration the EC50 should be based. For 
this, it is necessary to compare Daphnia tests with TiO2 materials under SSR in a flow through system 
and in a static system. Furthermore, it would be interesting to test not only in clear ISO water but in 
water containing natural organic matter (NOM) to investigate the influence of NOM on the 
phototoxicity of TiO2 materials.  
The mechanisms responsible for the lowered acute and chronic earthworm toxicity of the organic 
compound in the presence of the TiO2 materials have to be further evaluated e.g. by investigating the 
adsorption capability of TCC to TiO2 materials. 
In our study, it was shown that the SSR induced toxicity of the different sized TiO2 materials 
depended on particle size. This indicates the necessity to test each TiO2 material differing in size 
unless a considerable approach to categorize nanomaterials was agreed on. Considering the high 
diversity of TiO2 materials and the much higher diversity of nanomaterials in general, it is 
recommended to establish a screening tool for photoactive substances.  
It should be emphasized that the non nano reference (NM 100) also exhibited toxic effects to 
D. magna when illuminated with SSR. Thus, phototoxicity is not limited to nanosized TiO2 materials 
and more non nano scale TiO2 materials should be tested under SSR in ecotoxicity tests.  
Further research is necessary to examine whether TCC was degraded under solar radiation and 
whether metabolites were formed. 
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6.1 Annex chapter 2: Size matters - the phototoxicity of TiO2 nanomaterials 
Table A-1. Properties of the TiO2 materials as indicated by the manufacturers. 
Property NM 101  
(Hombikat UV 100) 
PC 105  
(NM 102) 
Tiona AT 1  
(NM 100) 
Manufacturer Sachtleben  Cristal Global  Cristal Global  
Primary particle size (nm) 7-10 15-25 200-220  
Crystal structure anatase anatase anatase 
BETa specific surface area 
(m²/g) 
320 85 - 
Coating none none none 
aBrunauer Emmett Teller 
 
Table A-2. 48 h EC50, LOEC and NOEC values (nominal) derived from the Daphnia sp. acute toxicity tests 
with NM 101, NM 102, and NM 100 performed with simulated solar radiation (SSR) and laboratory light (LL) 
in 10-fold diluted ISO water. 
TiO2 material  
 
Light condition EC50a  
(mg/L) 
95%-CLb 
lower/upper 
(mg/L) 
LOECc 
(mg/L) 
NOECd 
(mg/L) 
NM 101  
SSR 
1.28 0.61/3.66 0.69 0.25 
NM 102 0.53 0.43/0.65 0.25 0.08 
NM 100  3.88 0.16/40.73 5.56 1.85 
NM 101 
LL 
79.52 62.64/112.71 33.30 18.50 
NM 102 n.ce n.c. > 50 ≥ 50 
NM 100 n.c. n.c. > 50 ≥ 50 
a median effect concentration, b 95% confidence limit, c lowest observed effect concentration, d no observed 
effect concentration, e not calculable 
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Figure A-1. Immobility (%) of Daphnia magna exposed to NM 101 and NM 102 with either simulated solar 
radiation (SSR) or with laboratory light (LL) in undiluted ISO medium. Error bars represent standard deviations 
on the mean of the replicates of one to three independently conducted experiments (n=4-12). Circles and 
asterisks indicate significant differences to the control at 24 h and 48 h of exposure (p<0.05). 
  
0.01 0.1 1 10 100
0
20
40
60
80
100
120
140
24 h of exposure
48 h of exposure
control
n=12
NM 101 SSR
*
*
* * *
A
NM 101 concentration (mg/L)
Im
m
o
bi
lit
y 
(%
)
0.01 0.1 1 10 100
0
20
40
60
80
100
120
140
24 h of exposure
48 h of exposure
control
n=4
NM 101 LLC
NM 101 concentration (mg/L)
Im
m
o
bi
lit
y 
(%
)
0.01 0.1 1 10 100
0
20
40
60
80
100
120
140
24 h of exposure
48 h of exposure
control
n=12
NM102 SSR
*
*
*
°
*
°
*
°
*
°
*
°
B
NM 102 concentration (mg/L)
Im
m
o
bi
lit
y 
(%
)
0.01 0.1 1 10 100
0
20
40
60
80
100
120
140
24 h of exposure
48 h of exposure
control
n=8
NM 102 LLD
NM 102 concentration (mg/L)
Im
m
o
bi
lit
y 
(%
)
Chapter 6 
151 
Table A-3. 48 h EC50, LOEC and NOEC values (nominal) derived from the Daphnia sp. acute toxicity tests 
with NM 101 and NM 102 performed with simulated solar radiation (SSR) and laboratory light (LL) in undiluted 
ISO medium. 
TiO2 material  Light 
condition 
EC50a  
(mg/L) 
95%-CLb 
upper/lower 
(mg/L) 
LOECc 
(mg/L) 
NOECd 
(mg/L) 
NM 101 
SSR 
2.9 3.5/2.3 ≤ 1.3 < 1.3 
NM 102 1.1 1.4/0.8 ≤ 0.2 < 0.2 
NM 101 
LL 
n.c.e n.c. > 100.0 ≥ 100.0 
NM 102 n.c. n.c. > 50.0 ≥ 50.0 
a median effect concentration, b 95% confidence limit, c lowest observed effect concentration, d no observed 
effect concentration, e not calculable 
 
Table A-4. ISO medium composition1 
Salt Concentration in deionized water (mg/L) 
CaCl2 • 2 H2O 294.0 
MgSO4• 7 H2O 123.3 
NaHCO3 63.0 
KCl 5.5 
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6.2 Annex chapter 3: Influence of solar radiation on the mixture toxicity of nano-TiO2 
and triclocarban 
Table A-5. Properties of NM 102 as indicated by the manufacturers chapter 2. 
Property PC 105  
(NM 102) 
Manufacturer Cristal Global  
Primary particle size (nm) 15-25 
Crystal structure anatase 
BETa specific surface area (m²/g) 85 
Coating none 
a Brunauer Emmett Teller 
 
 
Figure A-2. Immobility (%) of Daphnia magna exposed to TCC under dark conditions. Error bars represent 
the standard deviations on the mean of the four replicates of one experiment (n=4). Circles and asterisks indicate 
significant differences to the control at 24 h and 48 h of exposure (p<0.05). Data kindly provided by Dr. Anne 
Simon (EC50 96 h: 12.65 µg/L).2 
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Figure A-3. Mortality (%) of Danio rerio embryos exposed to TCC in the dark between 24-72 hpf. Error bars 
represent standard deviations on the mean of the replicates of two to three independently conducted experiments 
(n=4-6). 
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6.3 Annex chapter 4: Influence of TiO2 nanomaterials on the toxicity of triclocarban to 
earthworms and activated sludge 
Table A-6. Properties of the TiO2 materials as indicated by the manufacturers. 
Property NM 101  
(Hombikat UV 100) 
PC 105  
(NM 102) 
Tiona AT 1  
(NM 100) 
Manufacturer Sachtleben  Cristal Global  Cristal Global  
Primary particle size (nm) 7-10 15-25 200-220  
Crystal structure anatase anatase anatase 
BETa specific surface area 
(m²/g) 
320 85 - 
Coating none none none 
a Brunauer Emmett Teller 
 
Table A-7. Gradient for LC-MS analysis of TCC. Only the polar phase (A) is given. 
Total Time (min) Flow rate (µl/min) A (%) 
0.00  500 50 
2.00 500 50 
2.10 500 10 
7.00 500 10 
7.10 500 50 
11.00 500 50 
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Table A-8. Sequences of soil digestion for Ti-analysis. 
Sequence Acid Temperature Duration (h) Lid 
1  1 ml HNO3a 60°C ~ 1 h to evaporate the 
water 
open 
2 - 95°C 4 h open 
3 4 ml HFb,  
1 ml HClO4c 
100 °C 14 h closed 
4 - 100 °C 8 h open 
5 - 150 °C 2 h open 
6 - 150 °C 60 h closed 
7 - 150 °C 4 h open 
8 0.5 ml H2O2d,e 
2 ml HNO3 
4-5 ml deionized 
water 
60°C 1 h open 
9 - 70 °C 5 h closed 
a
 nitric acid, b hydrogen fluoride, c hydrochloric acid, d hydrogen peroxide, e for the TiO2 controls and the blanks 
1 ml H202 was added instead of 0.5 ml 
 
Figure A-4. TiO2 concentrations in soil samples spiked with 1000 mg/kg NM 101, NM 102 and NM 100 as well 
as in control soils (0 mg/kg TiO2 applied), analyzed by ICP-OES after acid digestion of the soil samples. Error 
bars represent standard deviations on the mean of six replicates (n=6). Asterisks indicate significant differences 
to the control (p<0.05) 
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Table A-9. Percentage of nominal TCC soil concentration in soil samples (K1 and K2, 84 mg/kg dw and 
675 mg/kg dw) of earthworm reproduction tests with TCC and combinations of TCC and NM 101 at test 
initiation (0 d) and termination (56 d). 
Test series  
(TiO2 mg/kg dw) 
 
0 d  
(% nominal ± SD) 
56 d 
(% nominal ± SD) 
K1 K2 K1 K2 
TCC (0) 106 ± 2.7 110 ± 6.1 100 ± 2.7 103 ± 4.1 
TCC + NM 101 (400) 111 ± 1.2 107 ± 4.9 101 ± 1.7 103 ± 3.7 
TCC + NM 101 (1000)  105 ± 1.0 108 ± 7.0 98 ± 2.6 95 ± 3.1 
 
Table A-10. 15 d LC10, LC50 and NOEC values (nominal) derived from the earthworm acute toxicity tests with 
TCC and combinations of TCC and NM 101, NM 102 or NM 100.  
Test series  
(TiO2 mg/kg dw) 
 
LC10a  
(mg/kg dw) 
95%-CLb 
lower/upper 
(mg/kg dw) 
LC50a  
(mg/kg dw) 
95%-CLb 
lower/upper 
(mg/kg dw) 
NOECc 
(mg/kg dw) 
TCC 161 91/222 652 467/1192 84 
NM 101 n.c.d n.c. n.c. n.c. ≥1000 
NM 102 n.c. n.c. n.c. n.c. ≥1000 
NM 100 n.c. n.c. n.c. n.c. ≥1000 
TCC + NM 101 160 103/209 444 356/598 169 
TCC + NM 102  678 n.c./n.c. n.c. n.c. ≥675 
TCC + NM 100   280 148/427 n.c. n.c. 169 
a lethal concentration causing 10% or 50% mortality, b 95% confidence limit, c no observed effect 
concentration, d not calculable 
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Figure A-5. Acute earthworm toxicity tests; Mortality of earthworms exposed to the single substances TCC, 
NM 101, NM 102 or NM 100 and mixtures of TCC and the TiO2 materials after 7 d of exposure (A) and after the 
gut purging phase (B). Error bars represent standard deviations on the mean of three or four replicates of one 
independently conducted experiment (n=3 or 4). Asterisks/circles indicate significant differences to the control 
or the corresponding TCC treatment group, respectively (p<0.05). 
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Figure A-6. Acute earthworm toxicity tests; Percentage change of biomass compared to control worms of 
worms exposed to the single substances NM 101, NM 102 and NM 100 and to mixtures of TCC and the TiO2 
materials, based either on the biomass with gut content (black squares) or without gut content (gray squares). 
Error bars represent standard deviations on the mean of three or four replicates of one independently conducted 
experiment (n=3 or 4). Asterisks indicate a significant difference to the control group (p<0.05). 
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Figure A-7. Standard curve of absorbance versus concentration of the external standard BSA using the BCA 
method. The linear regression of data is represented by the solid line, dashed lines show the 95% confidence 
interval. 
 
Figure A-8. Standard curve of absorbance versus concentration of the external standard 1,1,3,3,-TMP using the 
TBA method. The linear regression of data is represented by the solid line. 
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